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Abstract 
Many fuel cycle greenhouse gas (GHG) emissions assessments of varying scope, detail and 
methodology have been carried out for various biofuels in recent years, and these have largely 
concluded that biofuels provide GHG reduction benefits as substitutes for fossil fuels. As more 
attention is focused on biofuels, however, doubts have been raised about the reliability of 
previous GHG assessments of these fuels. From a scientific perspective, three main 
observations give reason to doubt these assessments: 
1. There are widely varying results for what appear to be identical fuels.  
2. The assessment methodologies involve inherently subjective elements.  
3. There is still significant scientific uncertainty in characterisations of important 
processes that need to be accounted for in most GHG assessments of biofuels.   
For accurate determination of the GHG emissions impacts of biofuels, there is a need for further 
development of standardised, demonstrably reliable assessment methods. 
This research investigates methods used for assessing net GHG emissions from biofuels. It 
identifies remaining methodological deficiencies that prevent the generation of definitive 
results.  A methodological framework is developed for optimising the reliability of biofuel GHG 
assessments within the limits of currently available knowledge and methods, and the most 
important developments required for extending those limits are identified. A new calculation 
tool and database are developed to facilitate the carrying out of biofuel GHG assessments with 
optimal reliability. 
It is concluded that uncertainties associated with existing GHG assessments can significantly 
limit our ability to draw firm conclusions from comparisons of GHG impacts among biofuels 
and between biofuels and fossil fuels. Reliable GHG assessments of biofuels require very 
precise specifications of the systems being described, with clear definitions of the limitations of 
applicability of the assessment results, explanations of the methodological choices adopted and 
their implications, and acknowledgement of the limits set by all relevant scientific uncertainty. 
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Chapter 1  
Introduction
This thesis investigates methods used for assessing the net greenhouse gas (GHG) emissions 
from biofuels and develops a framework for improving the reliability and transparency of these 
assessments. It reviews previous biofuel GHG assessments and identifies remaining deficiencies 
that prevent the generation of definitive results. By assessing the current state of knowledge of 
the factors that determine the GHG emissions from biofuels as well as the capabilities and 
limitations of current GHG assessment methodologies, the research develops an overall 
indication of the extent to which it is currently possible to determine accurately the true net 
emissions from production and use of different types of biofuels. A set of guidelines is 
developed to optimise the reliability of biofuel GHG assessments within the limits of currently 
available knowledge and methods, and the most important developments required for extending 
those limits are identified. 
1.1 Context 
In its Fourth Assessment Report on the state of scientific knowledge of climate change, the 
Intergovernmental Panel on Climate Change (IPCC) affirmed overwhelming evidence for 
ongoing net warming of the global climate system, and judged it very likely that most of the 
observed global warming since the middle of the 20th century has been due to anthropogenic 
emissions of greenhouse gases. Emissions of greenhouse gases from human activities have 
increased considerably throughout the industrial era, with an observed increase of 70% between 
1970 and 2004. The IPCC considers it very likely that continued anthropogenic GHG emissions 
at current rates would result in more warming of the globe during the 21st century than occurred 
during the 20th century (Solomon et al. 2007). Such warming would significantly alter many of 
the natural systems of the physical environment, such as weather-forming systems, hydrological 
cycles and terrestrial and marine ecosystems (Smithson et al. 2002). The resulting changes to 
patterns of agriculture and forestry, frequency and intensity of droughts, storms and floods, rates 
of species succession and extinction, patterns of pest prevalence and incidence of pest-borne 
disease would have profound implications for human societies all over the globe. Accepting that 
climate change poses a serious threat, many national governments and intergovernmental 
organizations have been developing and implementing strategies aimed at mitigating and 
adapting to climate change and its consequences. A major target of such strategies has been 
reductions in emissions of greenhouse gases from human activities.  
Chapter 1: Introduction 
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Currently, about 70% of total anthropogenic GHG emissions are produced through provision of 
energy services, mainly in the form of combustion of fossil fuels (Kahn Ribiero et al. 2007). 
Transport accounts for a significant and growing proportion of these emissions, producing 23% 
of global energy-related GHG emissions in 2004, and increasing emissions at a faster rate than 
any other energy use sector in the decade to 2007. As access to motorized transport continues to 
increase in the developing world, global transport energy use is forecast to continue to grow at 
the current rate of about 2% per year over the next few decades (ibid.). At that rate, and if the 
petroleum share of transport energy sources were to remain at its current level of 95%, GHG 
emissions from transport would double in 35 years. 
Significant switching to less GHG-intensive fuels is an important target of GHG mitigation 
strategies (along with increased energy efficiency, transport mode shifts and other 
improvements). Because CO2 released on combustion of biofuels is balanced by CO2 
assimilated during the growth of the plants that serve as the biofuel feedstock or the source of 
carbon for the feedstock, large-scale substitution of biofuels for fossil fuels has been widely 
investigated and promoted as a currently available GHG mitigation strategy for the transport 
sector. However, only complete assessments of the GHG emissions from the full life cycles
1
 of 
fuels can establish whether switching from one option to another can truly produce meaningful 
GHG emissions reductions. In recent years, many fuel cycle assessments of varying scope, 
detail and methodology have been carried out for various biofuels, and these have largely 
concluded that biofuels do provide GHG reduction benefits. Because of these purported GHG 
reduction benefits as well as for other political, social and economic reasons, biofuel market 
development has received government support in a number of countries, and global biofuels 
production increased considerably over the past decade. The International Energy Agency (IEA) 
has projected that biofuels could account for 10% of global transport energy use in 2030, up 
from about 1.5% in 2005 (Sims and Taylor 2008). As more attention is focused on biofuels, 
however, doubts are increasingly being raised about the reliability of previous GHG 
assessments of these fuels. From a scientific perspective, three main observations give reason to 
doubt these assessments: 
1. There are widely varying results for what appear to be identical fuels. For example, six 
assessments reviewed in a 2006 study reported different GHG emissions for US corn 
ethanol spanning a range from  a 35% reduction compared with petrol to a 29% increase 
                                                     
1
 The life cycle of a fuel refers to the complete chain of processes involved in the production and use of 
that fuel, from acquisition of raw materials from the natural environment, proceeding through the 
manufacture and distribution of the fuel, to its combustion and accompanying release of waste products 
into the environment. Life cycle assessment (LCA) is an established method of assessing the 
environmental impacts of products by evaluating the environmental impacts of product life cycles. An LCA 
of a product normally considers several types of environmental impacts, but the full-chain principle of LCA 
may be applied to assessments that only consider one impact, such as greenhouse gas emissions. 
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(Farrell et al. 2006a). Apparent disagreements between different study findings on GHG 
emissions of biofuels are related both to genuine diversity of characteristics among 
feasible production pathways for any biofuel and to differences in methodology and 
assumptions used in the GHG assessments of those pathways. The diversity presents 
difficulties in identifying representative pathways, while the methodological differences 
make meaningful comparisons difficult and tend to undermine the credibility of the 
assessments in general. 
2. Even with strict adherence to current best practice guidelines on methodology, life cycle 
assessments involve inherent subjective elements. For example, the set of processes 
required for producing most biofuels usually generate other useful products as well, and 
in many cases, it is not possible to apportion the total GHG emissions from the multi-
product processes among the different products on the basis of direct physical 
causation. In such cases, the international standard on life cycle assessments 
(International Organization for Standards 2006b) recommends adopting the first 
practical procedure from a hierarchy of recommended procedures that include 
expanding the boundaries of the system being analyzed, and allocating the emissions 
between co-products on the basis of their relative economic value. The standard 
requires that the selection of an allocation procedure be explained and its consequences 
compared with those of other reasonable procedures, but nevertheless allows for 
adoption of different allocation methods in biofuel GHG assessments, producing results 
that are different yet each conforming to the standard.  
3. There is still significant scientific uncertainty in characterisations of some of the most 
important processes that need to be accounted for in GHG assessments of biofuels. For 
biofuels made from crops, emissions of the greenhouse gases nitrous oxide from 
fertilized soils and carbon dioxide from decomposition and burning of pre-existing 
organic matter on land converted to biofuel crop production are considered to be 
significant but highly uncertain. One recent study suggested that the nitrous oxide 
releases from biofuel crop production could nullify the GHG savings from replacing 
combustion of fossil fuels with combustion of biofuels (Crutzen et al. 2008), while two 
other studies calculated that the initial carbon dioxide releases from land-use change 
resulting from biofuel crop production would require many years or decades to be 
recouped through displacing fossil fuel emissions (Fargione et al. 2008a; Searchinger et 
al. 2008a). 
In order to reliably identify biofuel production and use pathways that can provide real GHG 
reduction benefits as substitutes for fossil fuels, as well as those that should be avoided because 
they produce net additions of GHG emissions, there is a need for further development of 
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standardised, demonstrably reliable methods of assessment designed specifically to 
accommodate the full-chain characteristics of biofuels.  
1.2 Aims 
This research aims to contribute to the development of improved methodologies for assessing 
GHG emissions from biofuels.  The research question that this work sets out to answer is: 
What specific conditions must any assessment of the greenhouse gas emissions resulting from 
production and use of a biofuel meet in order to optimise the reliability of its results within the 
limits of currently available knowledge?  
To answer this question, this thesis presents a detailed exploration of the goals, requirements 
and practical limitations of GHG assessments, and analyses options for addressing specific 
limitations through appropriate design and implementation of these assessments. To help 
illustrate the concepts presented and also to help clarify the need for this work, the thesis also 
addresses the following question:  
How reliable are existing biofuel greenhouse gas assessments for determining whether 
production and use of a particular biofuel result in a net reduction or increase of GHG 
emissions? 
The research includes thorough investigations of the nature, significance and tractability of the 
three main deficiencies of existing biofuel GHG assessments identified in section 1.1 above. 
These investigations include 
1. Assessments of the extents of variability of the characteristics of biofuel supply 
chain processes that affect GHG emissions and evaluation of their relative 
significance 
2. Investigations of the effects of alternative methodological choices from the field of 
life cycle assessment on the results of biofuel GHG assessments 
3. Reviews of the capabilities and limitations of existing models of nitrous oxide 
formation from agriculture and CO2 releases from land-use change 
4. GHG assessments of bioethanol supply chains into Europe, serving as case studies 
illustrating the extent of variation in this ethanol market and the practical issues 
involved in the pursuit of reliable biofuel GHG assessments. 
5. Development of a set of guidelines for optimising the reliability of biofuel GHG 
assessments within the limits of currently available knowledge and methods. 
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1.3 Scope 
This work includes an exploration of the fundamental requirements and limitations of GHG 
assessments of existing and proposed transport biofuels. It pays particular attention to the 
practical issues involved in carrying out these assessments, using examples of existing biofuels 
in use in Europe, for which data and information are available. However, the general principles 
investigated and the recommendations derived are applicable to current and future biofuels. 
The exploration of fundamental requirements considers such basic questions as the range of 
gases that should be included in the assessments and the metrics that may be used for comparing 
the potencies of greenhouse gases. The practical assessment examples and case studies analysed 
cover the conventional set of greenhouse gases included in most studies – carbon dioxide, 
methane and nitrous oxide. They also utilize the global warming potential as a measure of 
relative greenhouse gas potency.  
1.4 Summary of approach and methods  
The research question is addressed through a combination of literature reviews, novel analyses 
using a systems methodology embodied in a software tool developed specifically for this 
research, and case studies covering all supply chains for bioethanol on sale in Europe in the 
period 2006-2009. 
Literature reviews are used to identify the main methodologies employed in biofuel GHG 
assessments and to assess their strengths and limitations. They are also used to assess the state 
of research in important areas of scientific uncertainty in this field. 
Practical reliability of GHG assessments is investigated by first developing a description of an 
ideal assessment, and using this as a benchmark. Impacts and significance of various aspects of 
reliability are investigated with the use of a powerful software tool developed for this purpose.  
Details of large-scale case studies are presented and evaluated to demonstrate the practical 
challenges involved in real assessments. The lessons drawn from these experiences and the 
other investigations carried out are developed into a set of recommendations for optimising 
assessment reliability. 
1.5 Limitations 
This work investigates the methodological requirements and limitations of biofuel GHG 
assessments in general, but illustrates the specific practical considerations involved in carrying 
out these assessments by focusing on existing, commercial biofuel supply chains. The general 
analysis is applicable to GHG assessments of existing and proposed biofuels, but the 
significance of specific factors in assessments of “first-generation” biofuels may be different for 
future biofuel pathways. For example, the assessment uncertainties related to GHG emissions 
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that result from nitrogen fertilizer applications are likely to be less important for future biofuel 
pathways that are less dependent on nitrogen fertilizers. 
This research also considers the merits and limitations of both attributional and consequential 
approaches to biofuel life cycle assessments, but the example assessments and case studies 
analysed in detail follow a largely attributional approach. This research did not incorporate or 
analyse any of the market equilibrium models proposed for consequential life cycle 
assessments.  
1.6 Outline of thesis  
This thesis is presented in 7 chapters.  
Chapter 1: Introduction – sets out the background and explains the need for the research. It 
presents the research question and outlines the methods chosen to answer it. The specific aims 
of the work, its scope and its limitations are explained.  
Chapter 2: Fundamental methodological requirements – sets out the goals of GHG assessments 
of biofuels and describes the fundamental conditions that assessment methodologies must 
satisfy in order to achieve the assessment goals completely and accurately. This chapter 
develops a specification for the capabilities of a theoretical, ideal assessment as a standard 
against which the functionalities of practical assessments may be judged, and identifies aspects 
of this specification that are difficult or impossible to realize in practice. It also considers 
approaches for maximizing the extent to which practical GHG assessments approximate the 
ideal. 
Chapter 3: Existing assessments: methodologies, results, and reliability –  describes the 
standard methodological approaches employed in published assessments of biofuel GHG 
emissions, and presents a critical review of major biofuel GHG assessments carried out in recent 
years. The review describes the aims, methods and results of these studies and evaluates their 
strengths and limitations as references for biofuel GHG emissions factors.   
Chapter 4: The Biofuels Greenhouse Gas Calculator – an assessment and sensitivity analysis 
tool – describes the functionality, underlying principles and use of a biofuel GHG assessment 
tool developed as part of the research reported in this thesis. The Biofuels Greenhouse Gas 
Calculator is a flexible, spreadsheet-based calculation tool and database that facilitates ready 
comparisons of the effects of alternative methodological and data choices on the results of GHG 
assessments of transport biofuels. This chapter also presents an example of the use of the 
Biofuels Greenhouse Gas Calculator to replicate the calculations of a previous peer-reviewed 
biofuel GHG assessment study, illustrating how the methods and data used in that study 
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contributed to the calculation results and pointing out the value of the Calculator for assessing 
the sensitivity of the results to changes in those methods and data.   
Chapter 5: Investigating variability and uncertainties – this chapter explores in greater detail 
the three main areas of GHG assessment variability and uncertainty identified in chapter 1. It 
identifies the main sources of genuine variability in biofuel life cycles, and, using the Biofuels 
Greenhouse Gas Calculator, estimates the significance of these to life cycle GHG calculation 
results. It similarly assesses the effects of alternative system boundary and co-product allocation 
options on biofuel GHG calculations, and investigates how these may change over time. Finally, 
the significance of uncertainty about nitrous oxide emissions from soils is considered, using real 
examples in the Biofuels GHG Calculator. 
Chapter 6: Biofuel GHG assessments in practice: the BEST bioethanol case studies – the 
practical requirements and challenges involved in carrying out GHG assessments of real biofuel 
life cycles are explored further in a study of the production and use pathways for bioethanol in 
eight European regions between 2006 and 2008. This study, carried out as part of the Bioethanol 
for Sustainable Transport (BEST) project, collected data and information on both the “well-to 
tank” and “tank-to-wheels” segments of the biofuel life cycles, and involved detailed on-road 
and laboratory-based analyses. The data limitations and resultant compromises in the GHG 
assessments are highlighted, with the aid of the Biofuels Greenhouse Gas Calculator.  
Chapter 7: Conclusions and recommendations – Conclusions drawn from this research about 
the potential and actual reliability of biofuel GHG assessments are described, and the 
contributions of this research to understanding of the principles and practice of biofuel GHG 
assessments are summarised. Recommendations for carrying out these assessments and 
interpreting their results are also presented. On the basis of the reviews, analyses and practical 
GHG assessments described in earlier chapters, a set of guidelines for maximising reliability of 
biofuel GHG assessments and for assessing the reliability of assessment results is presented. 
These guidelines take account of the limitations set by available data, assessment methodologies 
and scientific knowledge, and recommend declarations and qualifications that should 
accompany all biofuel GHG assessments.  
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Chapter 2  
Fundamental methodological requirements 
Introduction 
This chapter investigates the methodological requirements for GHG assessments of biofuels. It 
begins by specifying the phenomena, substances and principles that constitute the domain of 
interest in GHG assessments, in order to provide an essential foundation for development of 
assessment methodologies and for evaluations of their efficacy. These specifications set out the 
technical background to GHG emissions calculations, defining greenhouse gases and identifying 
metrics for quantifying their relative greenhouse potencies, designating the spatial and temporal 
scope of emissions and establishing a basis for designating some emissions as anthropogenic. 
The main anthropogenic GHGs and their sources are described, and the causal links between 
human demands for product functions and anthropogenic emissions of greenhouse gases are 
explained in general terms. The chapter goes on to set out the goals of practical GHG 
assessments, and identifies important uses to which these assessments are put. It develops a 
specification for the capabilities of a theoretical, ideal assessment as a standard against which 
the functionalities of practical assessments may be judged, and identifies aspects of this 
specification that are difficult or impossible to realize in practice. It also considers approaches 
for maximizing the extent to which practical GHG assessments approximate the ideal. 
2.1 Defining the assessment domain 
2.1.1 Greenhouse gases and their relative potencies  
Greenhouse gases are gases that can absorb and emit thermal infrared radiation, and can 
therefore contribute to the greenhouse effect – the trapping by the earth’s atmosphere of thermal 
infrared radiation emitted by the earth after absorbing incoming solar radiation, leading to 
higher surface temperatures than would obtain otherwise. The number of gases that can absorb 
thermal infrared radiation is very large, including all gases with three or more atoms in their 
molecules, although only a few of these radiatively active gases are present in the atmosphere at 
sufficiently high concentrations to make appreciable contributions to the total current 
greenhouse effect (Andrews 2010; Archer 2007). One recent estimate of the relative 
contributions of different atmospheric constituents to the total present-day greenhouse effect put 
the combined contributions of water vapour and carbon dioxide at about 70% of the total, with 
all other greenhouse gases together contributing around 5% (clouds provide the other 25% of 
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the total greenhouse effect) (Schmidt et al. 2010). Nevertheless, atmospheric increases of even 
the less abundant greenhouse gases can have significant heat-trapping effects, depending on the 
properties of the gases and the magnitudes of the increases. The heat-trapping responses to such 
increases are usually non-linear and enhanced by feedback effects on water vapour and clouds 
(ibid.).  
The total heat-trapping impact of a given mass of a greenhouse gas emitted into the atmosphere 
depends on the extent to which the molecules of that gas can absorb thermal infrared radiation 
and on the residence time of the gas in the atmosphere. The radiative forcing, defined as the 
change in the net irradiance towards the earth (in Watts per square metre) caused by a driver of 
climate change, provides a measure of the shift produced in the earth’s radiative heat balance by 
addition to the atmosphere of a specified quantity of a greenhouse gas. The cumulative radiative 
forcing over the time that the emitted greenhouse gases continue to be present in the atmosphere 
is given by the absolute global warming potential (AGWP), defined by the equation 
      =          
 
 
, (2.1) 
where AGWPi is the absolute global warming potential of gas i and RFi is global mean radiative 
forcing produced by a unit pulse emission (1 kg) of gas i. This can be further expressed as 
      =          
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   (2.2) 
ai(t)being the radiative forcing per unit pulse emission of gas i and Ci(t) the time-dependent 
fraction of the initial pulse emission that remains after time t. It is common to express the 
absolute global warming potentials of different greenhouse gases relative to that of carbon 
dioxide, the most abundant anthropogenic greenhouse gas in the atmosphere. The ratio of the 
absolute global warming potential of a greenhouse gas i to the absolute global warming 
potential of carbon dioxide is known as the global warming potential (GWP) of gas i. 
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 (2.3) 
RFCO2, aCO2(t) and CCO2(t) are respectively the global mean radiative forcing, radiative forcing 
per unit pulse emission and remaining fraction of a unit pulse emission of carbon dioxide. 
Calculations for real GHG emission scenarios focus on finite time horizons, giving the 
definition 
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where TH is the specified time horizon (Forster et al. 2007; Lashof and Ahuja 1990). 
This definition ignores radiative forcing after the time horizon, and would only be equivalent to 
that of equation 2.3 for atmospheric lifetimes less than the time horizon. However, CO2 does not 
have a clear atmospheric lifetime, because it is continuously cycled in and out of the atmosphere 
via various processes with different durations, and a fraction of any CO2 emission can be 
considered to persist in the atmosphere indefinitely (O'Neill 2000; Solomon et al. 2007), so all 
quoted GWP values are simplifications that ignore real radiative forcing effects that occur after 
the time horizon. 
The main benefit of the GWP metric is that it provides a useful “equivalence index” that allows 
emissions of different GHGs to be readily expressed in a common unit on the basis of their 
relative potencies. Thus, an emission of x kg of any GHG i can be expressed as a GHG emission 
of          kgCO2-equivalent. The CO2 equivalences of different GHG emissions and of 
GHG savings from different avoided emissions can readily be compared, added or subtracted. 
Any such GWP-derived equivalences are however only valid for the specific time horizon over 
which the GWP is calculated, since differences between the atmospheric removal profile of 
carbon dioxide and those of other greenhouse gases result in a variation of GWP with time 
horizon. For gases with atmospheric removal profiles that are very different from that of CO2, 
the variation of GWP with time horizon can be considerable. For example, methane has a 20-
year GWP estimated at 72 in the IPCC’s Fourth Assessment Report, but, with an atmospheric 
lifetime of 12 years, it has substantially lower GWP values at longer time horizons, falling to 25 
over 100 years and 7.6 over 500 years. A 100-year time horizon was specified for all GWPs 
used in GHG calculations for the Kyoto Protocol, the international treaty agreement for 
reducing GHG emissions worldwide (United Nations Framework Convention on Climate 
Change 1998), and this time horizon is commonly used in GHG assessments.  
In addition to the direct radiative forcing caused by emissions of greenhouse gases to the 
atmosphere, there are indirect radiative forcings associated with atmospheric additions of many 
gases. These indirect effects include the radiative forcings of the breakdown products of the 
emitted gases and the effects of both the emitted gases and their breakdown products on the 
atmospheric concentrations of other greenhouse gases. Because indirect radiative effects often 
involve reactive and therefore short-lived gases, the radiative forcings may depend on location 
and time of the emissions, and indirect GWPs usually have high uncertainties. Nevertheless, 
indirect GWPs have been published for several gases, including methane (some indirect effects 
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are included in the GWPs for methane quoted above), several non-methane volatile organic 
compounds and carbon monoxide (Solomon et al. 2007).  
The inherent limitations and uncertainties associated with the GWP metric have been the 
subjects of much analysis and criticism for many years, and several alternative metrics have 
been proposed (Fuglestvedt et al. 2003; O'Neill 2000; Shine et al. 2005; Shine 2009; Smith and 
Wigley 2000a; Smith and Wigley 2000b), but the GWP continues to be the principal measure 
used for comparing the climate effects of different greenhouse gases.  
2.1.2 Significant anthropogenic greenhouse gases 
Policies and actions aimed at curbing anthropogenic enhancements to the greenhouse effect 
usually focus on emissions of those greenhouse gases that have been found to be the most 
significant contributors to the anthropogenic radiative forcing observed over the industrial 
period. The positive (i.e., warming) anthropogenic radiative forcing over this period (designated 
as starting in the year 1750 in IPCC assessments) has been found to be principally via increased 
atmospheric concentrations of the greenhouse gases carbon dioxide, methane, nitrous oxide, the 
halocarbons and ozone (Forster et al. 2007, Figure 2-1). Note that even though water vapour is 
the most abundant greenhouse gas in the atmosphere, direct additions of water vapour to the 
atmosphere as a result of human activities are comparatively small. Other anthropogenic sources 
of radiative forcing do lead to increased water vapour concentrations in the atmosphere, but 
such increases occur as feedbacks and other indirect effects of those other sources rather than 
direct radiative forcing from water vapour emissions (Solomon et al. 2007). 
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Figure 2-1: IPCC assessment of principal contributors to the net radiative forcing of the 
earth-atmosphere in 2005 relative to the situation at the start of the industrial era, taken 
as 1750 (figure reproduced from Forster et al 2007 FAQ 2.1, Figure 2)
2
 
 
                                                     
2
 Notes: 
Albedo refers to the fraction of incoming solar radiation that is reflected back to space without ever being 
absorbed. Snow and clouds have high albedo, producing a cooling effect. Black carbon, an aerosol of soot 
particles from incomplete combustion processes, is a strong absorber of solar radiation, so when 
deposited on snow, this acts to reduce the surface albedo (i.e., it produces a positive radiative forcing). 
Changes in land cover also affect albedo, and a net deforestation over the industrial period is calculated to 
have increased surface albedo. 
The radiative forcing of aerosols may be direct, through scattering and absorbing radiation, or indirect, by 
affecting cloud formation and properties and therefore cloud albedo. 
Linear contrails are persistent linear trails of condensation produced by aircraft. These trails are able to 
trap outgoing infrared radiation. 
An increase in solar irradiance is the only significant increase in natural radiative forcing over the industrial 
era. 
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Anthropogenic emissions of carbon dioxide have been the greatest contributor to the enhanced 
greenhouse effect of the industrial era. The main source of these emissions has been the burning 
of fossil fuels. The use of fossil-based energy is so extensive in modern societies that most 
human activities and manufactured products can be associated directly or indirectly with some 
fossil-based CO2 emissions. Other major sources of anthropogenic CO2 emissions include land 
use changes (mainly deforestation, with accompanying biomass burning, but also changes in 
farming practices) and cement manufacture. 
Anthropogenic methane emissions have been the second-largest contributor to the positive 
cumulative radiative forcing of the industrial period. The main anthropogenic sources of 
methane emissions are agriculture (in particular, rice cultivation and livestock rearing), natural 
gas distribution, landfills and waste treatment, biomass burning, fossil fuel combustion and coal 
mining. 
Anthropogenic sources of nitrous oxide emissions include cultivated soils following nitrogen 
fertilization, biomass burning, management of animal manures, fossil fuel combustion and 
chemical manufacture (especially nitric acid production).  
The halocarbons are halogenated organic compounds, including the chlorofluorocarbons 
(CFCs), hydrochlorofluorocarbons (HCFCs), hydrofluorocarbons (HFCs), halons, methyl 
chloride and methyl bromide. They are almost all man-made. Even though they are present in 
the atmosphere at very low concentrations, they are significant because most have very high 
global warming potentials. The main halocarbon emission sources are refrigeration and air-
conditioning systems. 
Anthropogenic production of tropospheric ozone occurs through emissions of other reactive 
compounds – nitrogen oxides, carbon monoxide, and hydrocarbons – that produce ozone when 
they react in the troposphere. The main human activities that emit ozone precursor compounds 
are fossil fuel use and biomass burning. Tropospheric ozone is a short-lived GHG. 
National reporting commitments under the Kyoto protocol cover the gases carbon dioxide, 
methane, nitrous oxide, perfluorocarbons, hydrofluorocarbons, and sulphur hexafluoride (SF6). 
These are all long-lived greenhouse gases (LLGHGs). Their radiative properties are well 
understood, and together they do account for most of the observed anthropogenic radiative 
forcing. This group of gases nevertheless does not constitute a complete collection of significant 
anthropogenic greenhouse gases, lacking for example the indirect (and less well characterized) 
ozone precursor gases. Specification of gases for national inventory reporting strikes a balance 
between assessments covering the few GHGs that are most dominant and understood with the 
highest scientific certainty, and assessments that cover more complete collections of GHGs but 
include a number of gases with less significant global impacts or less well understood radiative 
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properties. 
Restricting the GHG coverage in national inventory reporting to a pre-selected set of globally 
dominant greenhouse gases is consistent with the objectives of agreements and policies that aim 
to reduce global emissions of those specified gases. Such a restriction is less methodologically 
satisfactory for assessments that are intended to enable comparisons between alternative product 
life cycles, especially when any of these are complex or novel. It is plausible that one or more 
product life cycles may produce emissions of greenhouse gases that are globally insignificant, 
yet possess such high global warming potentials that their omission from the assessments could 
lead to incorrect conclusions being drawn in the product comparisons. The importance of any 
specific GHG in the GHG assessment of a product system depends on the contribution that that 
gas makes to the total radiative forcing associated with the product system, not on the current 
global significance of that GHG. It follows that GHG assessments of product systems could 
require GWPs or other equivalence values for large numbers of gases. GWPs have been 
published for an increasing number of greenhouse gases. The IPCC publishes GWPs with 20, 
100 and 500-year time horizons for different GHGs, and the latest update to the Fourth 
Assessment Report lists GWPs for over ninety greenhouse gases identified as having either 
significant atmospheric concentrations, significant concentration trends or potential for future 
emissions (Forster et al. 2011) (see Appendix A).  
2.1.3 Chains of causation of anthropogenic GHG emissions 
Anthropogenic GHG emissions may be considered by-products of human activities carried out 
to achieve human ends. These emissions can therefore be reduced by reducing human demands 
and by finding ways of achieving human demands with lower resultant GHG emissions. 
Determining the effectiveness of either approach requires calculations of the emissions resulting 
from the activities required to achieve specific human ends. GHG releases result from human 
activities through both direct and indirect mechanisms. Anthropogenic GHG flows include 
those concomitant with activities and processes controlled by humans (such as burning of fossil 
fuels) as well as human-initiated changes to natural GHG flows (such as the enhancements to 
natural levels of the nitrous oxide-producing processes nitrification and denitrification that 
result from nitrogen fertilization of soils). 
The GHG emissions produced by any activity can be identified from the material balance of that 
activity, with GHG emissions to the atmosphere identified from the outputs and GHG 
absorptions from the atmosphere identified from the inputs. The net GHG emissions computed 
from material balances reveal the GHG emissions consequences of specified activities. The 
GHG-emitting activities can be seen to be only the proximate causes of anthropogenic GHG 
emissions, which are ultimately driven by human demands for the functions provided by the 
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products and services created using those human activities. This chain of causation is shown 
schematically for the totality of anthropogenic GHG emissions in Figure 2-2. Viewing all 
anthropogenic GHG emissions and emissions reduction scenarios within such a framework 
helps to pinpoint the fundamental drivers of those emissions and appropriate bases for emissions 
comparisons. For example, by identifying the fundamental driver of activities for producing 
different transport fuels as the human demand for vehicle propulsion, it becomes clear that 
comparisons of the GHG burdens of producing those fuels should be made with reference to the 
quantities of the fuels that supply equal amounts of vehicle propulsion. The considerations 
involved in the practical application of such function-based reference units are discussed further 
in sections 2.4 and 2.5. 
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Figure 2-2: Schematic representation of the chain of causation of anthropogenic GHG 
emissions. The totality of human functional demands and the net GHG emissions ultimately 
attributable to those demands are represented here. Individual human demands, products, 
activities and their attributable GHG emissions and sequestrations fit into this framework, but 
many of the causal links between these individual elements are not one-to-one (for example, 
some products serve multiple functions and some activities have multiple products). 
Specification of the net emissions linked to a single product or functional demand may therefore 
require some form of allocation or some other way of accounting for shared causation. 
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2.1.4 Spatial and temporal scope of GHG emissions assessments 
GHG assessments link specific human functional demands, products and activities with GHG 
emissions and their radiative forcing impacts. The spatial and temporal scope of each 
assessment needs to be defined, both in terms of the specific emissions events assessed and the 
net impacts described. The characteristics of the specific functional demands, products and 
activities being assessed determine the spatial and temporal coverage of the compilation of 
GHG emissions required for the assessments. An assessment for a single product used at a 
particular time and place may cover activities and emissions occurring at several different 
places, possibly widely separated, and at several different times, before and after the derivation 
of useful function from the product (even for a fuel product, which is completely consumed 
when its useful function is derived, there may be associated GHG emissions occurring after 
product use, if fuel production gives rise to GHG-emitting processes that occur or continue after 
fuel use).  
The increased atmospheric concentrations of greenhouse gases resulting from anthropogenic 
GHG emissions have impacts that are experienced at the global scale, and as noted in section 
2.1.1, can extend indefinitely into the future. Conventional GWP-based methods of accounting 
for different instances of GHG emissions do not differentiate between emissions spatially – an 
emission in one place is considered to have the same radiative effect as the same emission 
anywhere else. This assumption may be reasonable for the chemically stable and well mixed 
long-lived greenhouse gases such as carbon dioxide, methane and nitrous oxide, but would be 
unsatisfactory for reactive, short-lived and therefore spatially inhomogeneous gases 
(Fuglestvedt et al. 2003). Specification of GHG emissions totals in terms of global warming 
potentials also involves a delimitation of the impact period considered to a specific time 
horizon, typically 100 years.  
The spatial scope of the emissions compilation and the net radiative forcing impacts described 
mean that GHG assessments sum up emissions in multiple locations and describe their net 
impacts globally. The temporal scope of the emissions compilation and the radiative impacts 
described mean that the assessments sum up emissions occurring at different times and describe 
their net radiative impacts over a fixed time horizon.  Since the radiative forcing of a unit 
emission of a GHG depends on the background concentration of the gas at the time of the 
emission (Fuglestvedt et al. 2003), the GWP-derived 100-year radiative impacts of emissions 
occurring at different times strictly do not add linearly to produce the net impact in the specified 
100-year time horizon (and different GWPs may be applicable for widely time-separated 
emissions of the same gas). With currently available metrics and data, it is usual to treat 
emissions with time differences that are relatively small compared with the impact time horizon 
as if they occurred at the same time. 
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2.2 Assessment goals and uses 
GHG assessments of transport biofuels produce quantifications of the net GHG emissions 
owing to the utilization of specific biofuels for specific transport applications. These 
assessments are carried out to enable comparisons with other energy supply and use options, 
and to identify those processes and practices that contribute most to the total GHG emissions of 
particular biofuels. The availability of such quantifications is fundamental to our understanding 
of the GHG mitigation capabilities and improvement potential of existing and proposed biofuel 
applications. Assessment results provide the GHG emissions specifications used in biofuel 
product descriptions and in related decision-making and further analyses. Users of biofuel GHG 
assessment results include:  
 energy and environmental researchers, for specifying the GHG emissions intensity of 
biofuels and for use in further analyses and simulations, 
 official policy-makers and regulators, for supporting formulation of energy, transport 
and environmental policy and regulations, 
 fuel and vehicle producers and suppliers, for guiding product development and in 
product marketing, 
 consumers, to help gauge the relative “environment-friendliness” of different transport 
fuel and vehicle purchase options 
Results may be presented with different levels of detail, to suit the needs of different types of 
users. For example, policy-makers and consumers may require only summary information, 
while researchers and fuel developers will normally need more detailed descriptions. However 
the results are presented, it is essential that biofuel GHG assessments provide accurate 
representations of the GHG emissions that result from specified applications of biofuels.  
2.3 Capabilities and methodological requirements of theoretically ideal 
assessments 
In order to assess the reliability of practical GHG assessments, it is useful to consider the 
capabilities of a theoretical, ideal assessment, as a standard against which the functionalities of 
practical assessments may be judged. The hypothetical ideal assessment would produce results 
with complete, verifiable accuracy. An indication of the reliability of a practical assessment is 
the extent to which its capabilities approach those of the ideal. This section develops a 
specification for the capabilities of such an ideal GHG assessment. 
The essential functional requirements of methodologies for biofuel GHG assessments follow 
from the principal assessment goal of quantifying the GHG emissions owing to specific biofuel 
applications. Each assessment needs to determine the amount of GHG emissions added to the 
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global emissions total as a result of the realization of a particular biofuel application. The 
realization of a biofuel application requires not just the combustion of the biofuel in a vehicle, 
but also a series of processes for producing and delivering the fuel. It is clear that processes and 
products required for producing and delivering the biofuel may in turn require other processes 
and products, and so on. An ideal assessment methodology would therefore account for GHG 
emissions and sequestrations from all processes required for, or resulting from, specified 
provision and utilization of a specific biofuel. A list of the functional requirements of the ideal 
assessment methodology can be derived by considering the requirements for answering the 
fundamental question that most GHG assessments seek to answer. This may be worded as 
“what GHG emissions result from the provision and use of this biofuel to provide 
transport energy?” The ideal methodology will possess all the capabilities required to answer 
this question completely and accurately. These capabilities may be specified as: 
1. Capability for precise identification and characterization of the specific batch of fuel 
being referred to, with identification of all the specific processes involved in its 
production and use. A batch here does not necessarily refer to a discrete unit of output 
from a single production plant; rather it is any discrete quantity of fuel identified as 
representing the production and use for which the GHG impacts need to be determined. 
It can be of any size, and may be a sample of the production from a single supply chain, 
or composed of product from multiple supply chains.  
2. Capability for precise identification and quantification of all GHG emissions from all 
processes required for, or resulting from, the production and use of the specified batch 
of fuel. 
3. The ability to differentiate, from among the GHG emissions of identified processes, 
between those GHG emissions that are concomitant with the realization of the biofuel 
production and use pathway and those that would still have occurred if the biofuel 
pathway had not been realized. This differentiation is necessary because some processes 
required for or resulting from the realization of the biofuel pathway might have already 
been in existence prior to the realization of the pathway, and were only modified  in 
order to realize the pathway or as a result of the realization of the pathway.  
4. The ability to differentiate, from among those emissions that are concomitant with the 
realization of the biofuel pathway,  between those emissions that are attributable to the 
biofuel and those that are attributable to any co-products that are generated along with 
the biofuel pathway.  
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The fundamental question noted above is usually accompanied by the additional question “how 
does this emissions outcome compare with those from alternative transport energy 
options?” This second question usually needs to be answered to give meaningful context to the 
answer to the first, since the primary use of an emissions total for a fuel is usually in 
comparisons with emissions totals for alternatives. The usual requirement to answer this 
secondary question leads to a fifth capability of an ideal assessment methodology: 
5. The ability to present results with reference to quantified representations of the useful 
functions derived from the biofuel pathway, enabling completely fair comparisons 
between pathways, with identical functions provided by the pathways being compared. 
2.4 Fundamental limitations on methodology for practical assessments 
The capabilities of ideal biofuel GHG assessment methodologies identified in the previous 
section set benchmarks that practical assessments should seek to attain. Consideration of the 
requirements for realizing these capabilities in practical assessment methodologies highlights 
the practical barriers to converting these benchmarks from objectives to functionalities of real 
assessment methods. These practical limitations are discussed below. 
Characterization of fuel batch of interest 
In practice, it might not be possible to characterize the fuel completely or trace its origins 
precisely. Fuel produced in a single production plant is more likely to be well-characterised, but 
all the data and information describing its provenance and production may still not be available. 
The fuel of interest is often the product of multiple production plants and supply chains, making 
complete characterization much more difficult to achieve. Fuel use is usually even more 
difficult to describe precisely, because of the large numbers of vehicle types and use patterns 
that may be involved.  
Quantification of all greenhouse gases in fuel life cycle 
Identification and quantification of all GHG emissions from all processes required for, or 
resulting from, the production and use of a batch of fuel will usually require a huge information-
gathering exercise that is very unlikely to be effected completely, and is even subject to genuine 
ambiguity of meaning.  
The requirement for characterization of all processes required for realization of the fuel pathway 
dictates requirements for characterization of an extensive tree of processes upstream of fuel use. 
GHG emissions have to be determined for all processes of the fuel pathway, all processes 
required for production of inputs to the processes of the pathway, all processes required for 
production of inputs to production of those pathway inputs, and so on until the system being 
analysed contains all human-effectuated processes required for realization of the fuel pathway, 
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with the only inputs crossing the system boundary into the fuel production and use system being 
raw material and energy flows from the natural environment. This is shown schematically in 
Figure 2-3.  
 
Figure 2-3: Simplified schematic of generic fuel life cycle 
For all but the very simplest fuel pathways, complete descriptions of all processes and their 
chains of inputs back to raw material and energy flows from the natural environment would be 
impractical.  
The very meaning of “the processes required for... the production and use of a batch of fuel” is 
subject to some ambiguity. Does this refer to the complete processes and systems that contribute 
to production and use of the batch of fuel (such as an existing electricity supply system, with its 
typical or average characteristics), or only those additional processes or changes to processes, 
viewed separately, that come into being in response to the need for production of the particular 
batch of fuel (such as marginal electricity production, with its characteristics)? The choices 
presented in this question represent examples of two approaches to whole-systems analysis from 
the field of environmental life cycle assessment (LCA). The first option is an example of an 
attributional approach, and the second is a consequential approach. This distinction is 
important because the two approaches lead to different definitions of the systems being assessed 
and different assessment results. The attributional approach describes the full systems necessary 
for realization of the biofuel life cycle, while the consequential approach specifies a starting 
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condition (which may have some systems necessary for the biofuel pathway already in 
existence) and then describes all changes that take place as a consequence of the decision to 
produce and use the biofuel. The data and modelling requirements for consequential approaches 
are particularly challenging, because of the need to account for all changes from the starting 
condition that occur as a consequence of the introduction of the biofuel. This may involve 
complex economic interactions with other product systems, and a requirement to separate 
biofuel-stimulated changes in those product systems from changes caused by other factors. 
Another limitation in achieving quantification of all greenhouse gases of the biofuel life cycle in 
practice results from limitations in our understanding of all the processes involved and our 
ability to model the operation of those processes and calculate the levels of greenhouse gases 
produced. There are some processes involved in biofuel life cycles for which existing levels of 
scientific understanding and existing models do not allow precise descriptions  
Differentiation of baseline emissions 
Differentiation between reference or baseline emissions and biofuel-related emissions is 
required for both attributional and consequential approaches, but can be difficult to achieve with 
high certainty. This can be because of uncertainties in determining baseline conditions and in 
understanding underlying emissions trends for complex or highly variable baseline emissions 
(such as nitrous oxide emissions from agricultural land). 
Allocation between co-products 
It is sometimes simply not possible to allocate GHG emissions from product systems between 
co-products on the basis of physical causation. For example, in the production of oil and meal 
via oilseed crushing, the energy required is attributable to the separation process, but it cannot 
be said (logically) that the production of any one co-product used a particular fraction of the 
total energy, so allocation of any associated GHG emissions between the oil and the meal 
cannot be based on true physical causation.  
Function-based reference units 
For truly fair comparisons between transport energy options, the alternatives must provide 
identical useful functions. The principal useful function derived from a transport fuel is the 
energy of operation of motor vehicles. This is the useful energy extracted from the fuel by 
vehicle engines. This suggests that a unit of vehicle operational energy (defined here as the sum 
of the mechanical energy extracted from the vehicle fuel and any engine waste heat utilized) 
should be the reference for comparisons between fuel pathways. However, engine operational 
energy as defined here is not a commonly measured quantity, and data relating fuel use to this 
measure of vehicle energy are not usually available. It is much more common to relate vehicle 
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fuel use to vehicle travel distance. Vehicle propulsion over distance is, strictly, a function 
provided by the vehicle system, of which the fuel is only a component, rather than a function 
provided by the fuel specifically. It is also not the only useful vehicle function enabled by the 
provision of energy by the fuel to the vehicle system (fuels also power a range of safety, 
comfort and convenience functions in a typical vehicle). Any fuel pathway comparisons using 
unit travel distance as functional reference would therefore also need to be based on provision 
of equal quantities of the other vehicle system functions enabled by fuel energy in order to meet 
the requirement for equal pathway functions.  
Fuel energy content is a possible proxy unit for use in place of the theoretically valid but 
generally unavailable functional unit of operational energy. Energy content is a property rather 
than a function, but it is the primary useful property of a fuel, from which its useful function is 
derived. Energy content would only be a valid proxy for functional comparisons, however, 
when the efficiency of conversion of fuel energy to vehicle operational energy is unchanged 
between the fuel pathways being described. Fuel properties can affect vehicle energy efficiency, 
so possible uses of fuel energy content as reference unit would require verification of vehicle 
energy efficiency in all scenarios compared. 
2.5 Approaches for optimising reliability of practical assessments 
The previous section illustrated the limitations that in practice serve to prevent realization of the 
ideal biofuel GHG assessment methodology. Given these practical constraints and their 
implications for the reliability of the assessments on which our knowledge of biofuel GHG 
impacts is based, it is crucial that development and selection of biofuel GHG assessment 
methodologies aim to approach the capabilities of the ideal as closely as practically possible. It 
is also highly important that assessments be accompanied by clear acknowledgements of their 
limitations, to ensure that their associated uncertainties and limits of applicability are clearly 
understood. In the following sections, methodological approaches for optimising assessment 
reliability within established constraints are explored.  
Specification of fuel batch of interest 
The first step towards a reliable biofuel GHG assessment is a clear and detailed description of 
the fuel to be assessed and its supply chain(s). This is vital for ensuring that both the 
methodology and data used are appropriate, and will also define the applicability of the results. 
The description at this stage does not include detailed mass and energy balance data, but does 
include a technical description of the biofuel, and a supply chain specification with information 
on location, time, scale and technology for all supply chain stages (Figure 2-4).  
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Figure 2-4: Generic biofuel supply chain. Specification of a biofuel should include 
location, time, scale and technology for all stages of the supply chain.  
The specification will apply to some period of operation of the supply chain, and it is important 
that this is highlighted. There are variations in all natural and industrial processes, so 
performance characteristics for the period of focus of the assessment will likely be different 
from those for other periods that could have been chosen. Where possible, data gathering for 
further stages of the assessment should be specified to cover the entire time period and all 
locations and technologies identified at this stage. Nevertheless, the nature of any locational, 
temporal and technological variations in performance within the specified supply chain should 
be determined, so that the suitability of sample data from subsections (locational, temporal or 
technological) of the supply chain for representing the supply chain in its entirety could be 
assessed. It is also useful to determine whether the operation of the supply chain over the period 
of focus is representative of any wider time period or for a wider set of supply chains. 
Quantification of all greenhouse gases in fuel life cycle 
As noted in section 2.4, a theoretically ideal assessment would account for all GHG emissions 
from all anthropogenic processes directly or indirectly required for, or resulting from the 
realization of the biofuel pathway. The only material and energy flows crossing the boundary of 
the resulting extensive system would be “elementary flows3” of raw inputs and final wastes to 
and from the natural environment. The data collection requirements for a theoretically ideal 
assessment would be prohibitively extensive for most practical fuel systems. It is therefore 
necessary to adopt truncation protocols that trade completeness for practicality while ensuring 
that the vast majority of the total CO2-equivalent emissions are accounted for. Different 
approaches to such truncation have been utilized in GHG assessments, with influence from the 
related and broader field of life cycle assessment (Baumann and Tillman 2009), and even its 
predecessor, energy analysis (Boustead and Hancock 1979). These generally set cut-off criteria 
based on the level of separation between the main fuel pathway and indirect inputs to that 
pathway (i.e., whether inputs to input processes to input processes and so on), since these 
indirect inputs contribute diminishing fractions to the total life cycle as separation (“orders of 
analysis” in the terminology of energy analysis) increases. In practice, the level of cut-off can be 
                                                     
3
 This is the term used in Environmental Life Cycle Assessment (LCA) for such flows, defined as “material 
or energy entering the system being studied that has been drawn from the environment without previous 
human transformation, or material or energy leaving the system being studied that is released into the 
environment without subsequent human transformation” (International Organization for Standards 2006a) 
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determined on the basis of the incremental contributions of succeeding levels of indirect 
contributions to the accumulated inventory total – when the additional data collection yields 
incremental GHG emissions below a set minimum, the analysis can be truncated. Of course, 
there are many practical cases in which some data are not available. In those cases, it may be 
necessary to produce estimates, for which the basis must be provided. 
Some types of data may be excluded from the analysis on the basis of different interpretations 
of assessment requirements that are inherent to different methodological approaches. GHG 
emissions from production and maintenance of capital plant such as buildings and machinery 
would only be included in a consequential assessment to the extent that capital additions are 
required as the capacity of the existing system is exceeded. If the fuel batch of interest can be 
produced with existing plant capacity, emissions associated with production and maintenance of 
capital plant are excluded. Inclusion of capital plant emissions is consistent with attributional 
approaches, although attributional assessments often exclude these on the basis of inadequate 
data and estimated negligible contributions to emissions totals.   
Some GHG emissions data required for complete quantification of the biofuel pathway impacts 
may be subject to significant uncertainty as a result of limitations in scientific understanding or 
modelling capability. These include emissions of nitrous oxide from agricultural fields, and 
long-term releases of carbon dioxide from soils following some changes to land use. The 
implications of these uncertainties need to be acknowledged in the reporting of assessment 
results. Such results should be updated with data from improved models as they become 
available.  
Differentiation of baseline emissions 
The separation of baseline emissions from biofuel-initiated emissions is fundamental to 
consequential assessment approaches. Attributional assessments also need to account for 
baseline emissions, but the definition of baseline is different in this case. For example, in an 
assessment of N2O emissions from an agricultural field on which a biofuel feedstock is grown, 
an attributional approach would attempt to subtract an underlying level of background 
emissions (that would have been produced by the field without the presence of the feedstock 
crop) from the total field emissions to obtain the emissions from the biofuel production system.  
A consequential assessment would consider the total emissions from the field with any 
feedstock crops that might have been present before a particular production decision was made 
as the baseline, and allocate to the biofuel only the incremental emissions following the 
decision. Whether attributional or consequential approaches are being adopted, baseline 
emissions should be identified and quantified. Quantification of some baseline emissions will be 
subject to the uncertainties described in the previous section. 
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Allocation between co-products 
The generation of multiple co-products that are jointly accountable for the total GHG emissions 
of the assessed system represents a significant methodological challenge in GHG assessments. 
If a biofuel GHG assessment is fundamentally about determining the total GHG emissions 
required for, or resulting from the production and use of the biofuel only, only those methods 
that enable a logical separation of the net GHG emissions effects of the biofuel production and 
use from the GHG emissions assignable to other co-products can be considered truly consistent 
with the objectives of the method.  As noted in section 2.4, there are co-production scenarios in 
biofuel life cycles for which allocation on the basis of physical properties would not satisfy the 
requirement for a causal basis to the sharing of emissions burdens as implied in the phrase 
“required for or resulting from...the biofuel”. 
Assigning substitution credits for emissions avoided as a result of the production and use of the 
co-product, essentially a consequential strategy, would be consistent with the logical 
requirement set out in the ideal assessment. Expanding the system to include avoided emissions 
and assign substitution credits tends to lead to further expansions and further credits, and cut-off 
criteria are applied in cases of multiple sequential substitutions. 
There is some rational basis for allocating between co-products on the basis of market value. 
The reasons for carrying out a multi-product process (and incurring the GHG emissions 
burdens) may be more to do with one co-product than another, and price (to a first 
approximation) gives an indication of the relative importance of the different co-products in 
stimulating the realization of the process and its attendant emissions burdens. Price is an 
imperfect indicator of demand in real markets that are not perfectly competitive (Kay 2003; 
Sloman and Sutcliffe 1998), and this limits the precision with which prices can reflect relative 
contributions to the initiation of multi-product processes. 
The limitations in application of substitution credits are principally to do with practicality, while 
the limitations of price allocation relate mainly to deficiencies in its ability to accurately reflect 
true causation.  
Function-based reference units 
The theoretically ideal functional reference unit of vehicle operational energy, which is a 
measure of the total primary function of transport fuels, is generally not suitable for most 
practical fuel pathway assessments, because the fuel use for unit operational energy is not 
commonly available. The most readily available practical alternative is travel distance. Because 
travel distance is only one vehicle function (albeit the dominant one) made possible by the 
provision of the fuel, optimal reliability of comparisons made using this reference unit require 
simultaneous specification of constant quantities of all other fuel-dependent vehicle functions.  
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In the cases when vehicle energy efficiency is known to be independent of the different fuels 
being compared, fuel energy content can serve as a convenient proxy for fuel-derived function. 
An example illustrating the determination of an appropriate reference unit in a practical GHG 
assessment is described in section 6.3. 
2.6 Conclusions 
GHG assessments of transport biofuels quantify the net anthropogenic GHG emissions owing to 
the production and use of specific transport biofuels. The results derived by these assessments 
are fundamental to our understanding of the GHG mitigation capabilities and improvement 
potential of existing and proposed biofuel applications. By specifying the fundamental questions 
that an assessment seeks to answer, it is possible to develop a description of the fundamental 
methodological requirements in the form of a set of benchmark capabilities – the functionalities 
of an ideal assessment that is able to answer the questions completely and accurately, and serves 
as a standard that all assessments should seek to approximate as closely as possible within the 
applicable practical constraints. These benchmarks can be summarized as capabilities for: 
 Technical specification of the fuel and identification of the complete supply chains for 
its production and use 
 Quantification of all greenhouse gases directly or indirectly involved in the supply and 
use of the fuel 
 Identification of baseline emissions and differentiation of these from the emissions 
attributable to the biofuel production and use pathway 
 Logical methods for assigning GHG emissions in multi-product processes 
 Presentation of results in forms that assure fair and meaningful, function-based 
comparisons between alternatives. 
Limitations in data availability, modelling capacity and other practical constraints determine the 
extents to which the capabilities of real assessments deviate from the ideal.  Acknowledgements 
of those deviations and clarifications of their extents contribute to understanding of the 
applicability of assessment results and of their contribution to the body of knowledge on GHG 
impacts of biofuels. 
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Chapter 3  
Existing assessments – methodologies, results and reliability
This chapter outlines established methodologies for assessing GHG emissions of transport 
biofuels, and identifies strengths and limitations of existing assessments. A literature review is 
presented, covering several significant studies carried out over the past decade to investigate the 
GHG emissions from biofuels. The objectives of this chapter are: 
 to provide an overview of the range of results produced by these assessments 
 to critically review the methods used in these assessments, and  
 to illustrate, by reference to the strengths and limitations of the assessments, the extents 
to which existing biofuel GHG assessments provide reliable measures of the GHG 
emissions of biofuels and their comparisons with those of fossil fuels and other 
transport energy alternatives.  
3.1 Review of selected biofuel GHG assessments in the literature 
There have been numerous studies of GHG emissions of biofuels carried out in recent years. 
This section summarises and critically reviews a selection of studies carried out over the past 
decade that are considered significant here because they have either:  
 made important contributions to current understanding of the likely emissions impacts 
of biofuels, 
 elucidated the limitations of current estimates, or 
 reflected the understanding of official government agencies or other organisations that 
are influential in the understanding of the science or development of policy relating to 
biofuels. 
The reviews include summaries of the aims, methods and main findings of the studies and 
assessments of their strengths and limitations judged with reference both to their stated aims and 
to the broader goal of reliable GHG assessments with well-defined system models, transparent 
and logical methodology and coverage of all significant emissions sources. 
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3.1.1 Well-to-Wheel Energy Use and Greenhouse Gas Emissions of Advanced 
Fuel/Vehicle Systems - North American Analysis (Argonne National Laboratory et 
al. 2001) and Well-to-Wheels Analysis of Advanced Fuel/Vehicle Systems - A 
North American Study of Energy Use, Greenhouse Gas Emissions, and Criteria 
Pollutant Emissions (Brinkman et al. 2005) 
These two wide-ranging studies, the first published in 2001 and the second a 2005 update, were 
commissioned by General Motors Corporation (GM) and led by Argonne National 
Laboratory in the USA. The studies used a spreadsheet-based fuel-cycle model to calculate 
well-to-wheels energy use and GHG emissions for combinations of fuels and vehicle propulsion 
options considered likely to be among large-scale commercial technologies in North America in 
the near term. The 2001 study considered the period after 2005, with analysis of the situation 
expected in 2010, and the 2005 study looked to the post-2010 period, simulating the situation 
expected in 2016. Tank-to-wheels calculations were based on the performance of a GM full-
sized pickup truck. Fuels studied included petrol, low-sulphur diesel, crude naphtha, neat 
ethanol, E85 (ethanol-petrol blend with nominally 85% ethanol by volume), natural gas and 
hydrogen. Vehicle propulsion systems considered included variable displacement spark-ignition 
engines, direct-injection spark-ignition engines, direct-injection compression-ignition engines 
and fuel cells, all in non-hybrid as well as hybrid electric versions.  In total, 29 well-to-tank fuel 
production pathways and 22 vehicle propulsion systems were analysed in various combinations 
to produce 124 different well-to-wheels pathways for assessment in the 2005 study. 
The well-to-wheels assessments were carried out using the GREET (Greenhouse gases, 
Regulated Emissions, and Energy use in Transportation) fuel-cycle model, developed by 
Argonne National Laboratory. The characterisations of the fuel and vehicle technologies 
included in the assessments were based on expert input from study partners, which included 
vehicle manufacturer General Motors and energy companies BP, ExxonMobil and Shell. Energy 
use and emissions for individual operations in the chains of fuel production, distribution and use 
were represented in GREET as probability distribution functions. Well-to-tank, tank-to-wheels 
and well-to-wheels assessments were then carried out using stochastic simulation based on the 
Monte Carlo method. The GHG assessment considered net emissions of carbon dioxide (CO2), 
methane (CH4) and nitrous oxide (N2O). 
3.1.1.1 Main findings on GHG emissions of biofuels 
The studies analysed seven well-to-wheels pathways based on ethanol fuel, produced either 
from corn or from cellulosic feedstock (assumed 50% from grasses and 50% from woody 
sources) and either in E85 blends or as 100% ethanol. Since petrol is the fuel most often 
replaced by ethanol, the calculated WTW GHG emissions for ethanol-based pathways are 
shown grouped, according to vehicle propulsion type, with the equivalent results for petrol-
based pathways in Figure 3-1. The WTW results of the study were presented as P10, P50 and 
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P90 values, where the P10 value has a 10% probability of being greater than or equal to actual 
values, the P50 value has a 50% probability of being greater than or equal to actual values and 
the P90 value has a 90% probability of being greater than or equal to actual values. The bar 
heights in Figure 3-1 indicate P50 values and the uncertainty bands indicate the spread from the 
P10 to P90 values. 
The corn ethanol fuels were assessed as providing moderate GHG reductions compared with 
petrol, of around 18% for E85 in conventional internal combustion engines and hybrid electric 
vehicles, and 25% for neat ethanol in fuel cell vehicles. The estimated GHG emission 
reductions for cellulosic ethanol were considerable, at 72% for cellulosic E85 and 98% for neat 
cellulosic ethanol.  The net GHG emissions from the corn ethanol pathways were attributed 
mainly to N2O emissions from the processes of nitrification and denitrification in cornfields and 
fossil fuel use in fuel production. The low net emissions from the cellulosic ethanol pathways 
were explained largely by GHG emission credits from co-generated electricity in cellulosic 
ethanol plants displacing US-average electricity. 
 
Figure 3-1: Calculated life cycle GHG emissions values and uncertainty ranges 
(converted to metric units) for bioethanol fuels and for petrol, assuming fuels are used in 
alternatively propelled versions of a reference full-sized pickup truck with equivalent 
performance (adapted from Brinkman et al. 2005) 
3.1.1.2 Strengths and limitations 
The GM/Argonne WTW studies had the benefit of access to relevant and up-to-date data and 
process models from large fuel and vehicle manufacturers. Access to reliable data is crucial to 
the credibility and usefulness of any LCA, and a significant problem during many LCA studies. 
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Because these calculations involve a number of factors which have appreciable uncertainty, the 
use of a stochastic approach and presentation of results as ranges can provide more informative 
results than deterministic calculations with point value results. However, the reliability of the 
results of the Monte Carlo simulations depends on the reliability of the probability functions 
used as input to the simulations, and the report acknowledges that data limitations reduced the 
reliability of the distribution functions for some system parameters. 
The study dealt with the problem of attributing emissions among co-products by both applying 
credits for displaced emissions and using allocation by economic value, and using the two 
results to define the range for the results of the specific calculation. An uncertainty range 
defined by these alternative allocation options is more a representation of the different outcomes 
of subjective methodological approaches than of the span of possible emissions impacts, which 
is what the results range is meant to represent.  
Table 3-1 summarises factors that delimit the applicability and reliability of the study results for 
biofuel GHG emissions.  
Table 3-1: Summary of main factors that define applicability and affect reliability of GHG 
results of GM 2001 and 2005 WTW studies 
Goal and scope definition  
Intended use of results 
“to help inform public and private decision makers 
regarding the impact of the introduction of such 
advanced fuel/propulsion system pathways from a 
societal point of view” 
Functional unit Unit distance travelled in reference vehicle 
System location  North America 
Timeframe 2010, 2016 
Cut-off criteria WTW, capital goods apparently excluded 
Life cycle inventory  
Data sources and specificity 
Literature & expert assessments, average North 
America 
Approach to N2O emissions Assumed proportional to N-fertilizer applied 
Approach to land-use change 
Not addressed directly, but assumes direct CO2 
emissions from soil proportional to amount of crop 
harvested 
Approach to co-products Both displacement and price allocation 
Overall transparency 
Somewhat transparent (inventory data not listed, cut-
off criteria unclear) 
3.1.2 GM well-to-wheel analysis of energy use and greenhouse gas emissions of 
advanced fuel/vehicle systems - A European study (L-B Systemtechnik GmbH 
2002a) 
General Motors commissioned this European well-to wheels study as a complement to the 2001 
North American study described in Section 3.1.1, in view of significant differences between 
North America and Europe in the characteristics of fuel and vehicle production and usage. The 
study was carried out by L-B Systemtechnik GmbH (LBST) of Germany. It calculated well-to-
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wheels GHG emissions for fuel and vehicle pathways expected to be available in Europe in the 
study target year of 2010. Tank-to-wheels calculations were based on the performance of an 
Opel Zafira minivan. A total of 32 fuel pathways were analyzed (counting all variants, the total 
was 88), covering options based on petroleum, natural gas, biomass and electricity. The vehicle 
propulsion systems analyzed included petrol, diesel, natural gas and hydrogen-fuelled internal 
combustion engines in non-hybrid and hybrid versions, as well as methanol, ethanol and 
hydrogen fuel cell vehicles, also in non-hybrid and hybrid versions. A total of 22 vehicle 
powertrains were combined with the 32 fuel pathways to produce 96 fuel/vehicle combinations. 
As in the North American WTW study, fuel chain operations were described by probability 
distributions, with most distributions assumed normal. The requisite data and system 
characterisations were supplied by study partners, including GM, BP, ExxonMobil, Shell and 
TotalFinaElf. Monte Carlo simulations were carried out to produce WTW results in the form of 
probability distributions. The results were reported as lower bound, best estimate and upper 
bound values. For this study, the lower bound was defined as the P20 value (the value with 20% 
probability of being greater than or equal to actual values), the best estimate was the P50 value 
(the value with 50% probability of being greater than or equal to actual values), and the upper 
bound was the P80 value (the value with 80% probability of being greater than or equal to 
actual values). WTW emissions of carbon dioxide, methane and nitrous oxide were reported. 
3.1.2.1 Main findings on GHG emissions of biofuels 
The LBST study provided well-to-wheels results for 70 fuel chains based wholly or partly on 
biomass feedstock. These included compressed gaseous hydrogen from allothermal gasification 
of residual wood, diesel fuels from the Fischer-Tropsch process and hydrothermal upgrading 
using wood feedstock, and low-blend (5%) rape methyl ester in petroleum-based diesel. 
Twenty-four ethanol pathways were assessed, eighteen of which were based on sugar beet. 
Different assumptions and calculation methods for sugar beet production and conversion to 
ethanol led to nine different variants of the sugar beet-to-ethanol pathway, as summarized in 
Table 3-2.  
Table 3-2: Assumptions for variant well-to-tank processes for sugar beet ethanol 
assessed in the LBST WTW study (scenarios specified for EU production) 
Variant Description 
1a 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with Egyptian clover, which is N-fixing and used as green cover crop, and is ploughed 
back into the soil for fertilization purposes; N2O emissions calculated as per IPCC 1996 
guidelines; heat credit applied for by-product sugar beet pulp used as fuel 
Chapter 3: Existing assessment methodologies, results and reliability 
 
49 
 
Variant Description 
1b 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with Egyptian clover, which is N-fixing and used as green cover crop, and is ploughed 
back into the soil for fertilization purposes; N2O emissions calculated as per IPCC 1996 
guidelines; credit applied for sugar beet pulp used as animal fodder  
1c 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with Egyptian clover, which is N-fixing and used as green cover crop, and is ploughed 
back into the soil for fertilization purposes; N2O emissions calculated as per IPCC 1996 
guidelines; ethanol production in sugar refinery with some emissions allocated to sugar  
2a 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with rye grass, which is not N-fixing; N2O emissions calculated as per IPCC 1996 
guidelines; heat credit for by-product sugar beet pulp used as fuel 
2b 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with rye grass, which is not N-fixing; N2O emissions calculated as per IPCC 1996 
guidelines; credit applied for sugar beet pulp used as animal fodder 
2c 
Synthetic N fertilizer used: 101 kg/ha/yr; sugar beet grown in existing rotation, replacing set-
aside with rye grass, which is not N-fixing; N2O emissions calculated as per IPCC 1996 
guidelines; ethanol production in sugar refinery with some emissions allocated to sugar 
3a 
Synthetic N fertilizer used: 112 kg/ha/yr; farming practices and N2O emissions calculations as 
per previous study by Ecobilan; heat credit for by-product sugar beet pulp used as fuel 
3b 
Synthetic N fertilizer used: 112 kg/ha/yr; farming practices and N2O emission calculations as 
per previous study by Ecobilan; credit applied for sugar beet pulp used as animal fodder 
3c 
Synthetic N fertilizer used: 112 kg/ha/yr; farming practices and N2O emission calculations as 
per previous study by Ecobilan; ethanol production in sugar refinery with some emissions 
allocated to sugar 
The ethanol production pathways were each combined with a fuel cell and a fuel cell hybrid 
vehicle model for WTW assessments. The well-to-wheels GHG emissions results provided for 
the ethanol pathways are shown in Figure 3-2, along with the petrol WTW GHG emissions for 
comparison. The bar lengths in the figure indicate P50 values and the uncertainty bands indicate 
the spread from the P20 to P80 values. 
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The results indicated a wide variation in GHG emissions for the same final fuel, ethanol, and 
also a wide variation in GHG emissions for ethanol produced from the same feedstock, sugar 
beet, depending on characteristics of the feedstock and fuel production processes and on 
assumptions made in the calculations. The uncertainty ranges are large, partly as a result of the 
use of the wide IPCC guideline ranges for N2O emissions from soils.  
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Figure 3-2: Results of LBST calculations of life cycle GHG emissions values and 
uncertainty ranges for bioethanol fuels and for petrol, assuming fuels are used in an 
Opel Zafira minivan powered by (a) a fuel processor fuel cell, and (b) a fuel processor 
fuel cell hybrid electric drive (based on L-B Systemtechnik GmbH 2002b) 
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3.1.2.2 Strengths and limitations 
The European GM WTW study presented more detailed data and descriptions of methodology 
than the North American GM study. Many data choices were explained in great detail. For 
example, the Annex to the main study report presented a detailed discussion of the mechanisms 
and variability of N2O emissions from soils, before concluding that the IPCC guidelines 
provided the best option at the time. The study report acknowledged the high uncertainty 
associated with the IPCC N2O emissions defaults adopted. The report also considered possible 
levels of CO2 emissions and sequestrations associated with land use change for biofuel 
feedstock crop production, but concluded that these were too uncertain to be included in the 
assessment, while acknowledging that their inclusion could affect assessment results 
significantly. 
Factors that delimit the applicability and reliability of these study results for biofuel GHG 
emissions are summarised in Table 3-3. 
Table 3-3: Summary of main factors that define applicability and affect reliability of GHG 
results of LBST-GM WTW study 
Goal and scope definition  
Intended use of results 
“to provide advice and assistance to decision makers 
from different sectors of society and economy: 
 Governments 
 NGOs and other societal groups 
 Customers of automobile and fuel services 
 Energy companies active as fuel suppliers 
 Automobile manufacturers” 
Functional unit Unit distance travelled in reference vehicle 
System location  Europe 
Timeframe 2010 
Cut-off criteria WTW, capital goods not included 
Life cycle inventory  
Data sources and specificity Literature & expert assessments, average Europe 
Approach to N2O emissions 
IPCC 1996 guideline default values and ranges used in 
Monte Carlo simulations 
Approach to land-use change Ignored because of high uncertainty 
Approach to co-products Credits applied for displaced production 
Overall transparency 
High transparency, but full inventory calculations not 
given 
3.1.3 Well-to-Wheels analysis of future automotive fuels and powertrains in the 
European context (Edwards et al. 2007a) 
The JEC study, as this extensive and much-referenced research is usually designated, was 
carried out jointly by the Joint Research Centre of the European Commission (JRC), the 
European Council for Automotive R&D (EUCAR), and Conservation of Clean Air and Water in 
Europe (CONCAWE). The JRC is a department of the European Commission that provides 
science and technology support for policy-making in the European Union, EUCAR is a 
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collaborative research and development association of major European motor vehicle 
manufacturers, and CONCAWE is an environmental, health and safety  research organization of 
oil companies operating in Europe. The study aimed to determine well-to-wheels energy use 
and GHG emissions, as well as cost estimates, for a wide range of transport fuel and vehicle 
pathways relevant to Europe in the period from 2010 onward. The study partners also aimed to 
have the study results become accepted as a reference by all stakeholders. The first version of 
the study, version 1a, was published in 2003. There have since been a number of updates, 
adding pathways, updating data and correcting errors. The latest to be published in full was 
version 2c in 2007, and some sections of version 3 were published in 2008.   
Ninety-five individual fuel production pathways were assessed in the latest study report, 
covering conventional and advanced liquid and gaseous fuels produced using the primary 
energy sources petroleum, coal, natural gas, biomass, wind and nuclear fuel. The vehicle 
powertrains analyzed were port-injection and direct injection spark-ignition engines, direct-
injection compression ignition engines and proton exchange membrane fuel cells, all in non-
hybrid and hybrid versions, as well as a fuel cell vehicle with on-board reformer in hybrid 
configuration. A typical European compact sedan comparable to a Volkswagen Golf was 
modelled in the assessments. In total, over 400 well-to-wheels pathways were analyzed. 
Process requirements and performance specifications were derived from expert input of the 
study  partners and a range of literature sources. L-B-Systemtechnik GmbH (LBST), the 
organization that led the GM European WTW analysis described lead in Section 3.1.2, also 
contributed to this study, being responsible for modelling of well-to-tank pathways. As a result, 
this study used many of the same WTT process characterisations and data as in the LBST-GM 
European WTW study. Several process data values were represented as probability 
distributions, and Monte Carlo simulations were used to produce variability ranges for complete 
pathways. 
Carbon dioxide, methane and nitrous oxide emissions from all pathway stages were modelled in 
the GHG assessments. For direct nitrous oxide emissions from soils, this study used a soils 
chemistry model developed by the JRC as a modification to the well-established and validated 
DeNitrification-DeComposition (DNDC) model, tailored to calculations for European 
conditions. This model uses region-specific input data describing land-use, soil properties, 
weather, fertilizer and manure rates and other factors to calculate more precise emissions factors 
than provided by the IPCC guidelines. All emissions associated with multiple products were 
assessed by applying emissions credits. For fuel combustion, CH4 emissions were considered to 
be 20 % of the vehicle’s regulated unburnt hydrocarbons limit, and N2O emissions were 
considered to be 2% of the NOx emissions limit. It was also assumed that a reference vehicle 
with a given propulsion system had the same energy efficiency when running on ethanol as 
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when running on petrol.  The tank-to-wheels GHG figures derived represented the total grams 
of CO2 equivalent emitted while the reference vehicle travelled 100 km on the New European 
Driving Cycle (NEDC). Because this study was focussed on future alternative transport energy 
options, it was considered appropriate to use emissions figures for marginal rather than average 
fossil fuel production when assessing the impacts of replacing fossil fuels. 
3.1.3.1 Main findings on GHG emissions of biofuels 
The JEC study assessed 70 bioethanol and 30 biodiesel pathways. Figure 3-3 illustrates WTW 
results for 14 ethanol pathways, each with ethanol burnt in a 2010 reference vehicle with port 
injected spark ignition (PISI) powertrain. The large differences between the results of the two 
sugar beet pathways, and between the eight wheat-based pathways, highlight the important 
effects that the different uses of co-products and different energy supply options can have on 
WTW calculations. Figure 3-4 shows results for WTW calculations for biodiesel, with a 
reference direct injection compression ignition (DICI) vehicle. 
 
Figure 3-3: JEC calculations for WTW GHG emissions from ethanol pathways using a 
2010 reference port injected spark ignition vehicle 
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Figure 3-4: JEC calculations for WTW GHG emissions from biodiesel pathways using a 
2010 reference direct injection compression ignition (DICI) vehicle 
3.1.3.2 Strengths and limitations 
The JEC reports provide extensive tables listing the data used in the WTW assessments and 
demonstrating the calculations. They also include detailed discussions of the more important 
and the less straightforward issues arising in the assessments, and explain their assumptions.  
They also take a consistent approach to co-product emissions, justifying the adoption of 
substitution credits on the basis that it attempts to model reality. The reports explicitly state that 
the study is not a life cycle analysis; in some respects, this eases the methodological 
requirements on the study as compared with standard practice LCA. For example, LCA requires 
all flows to be expressed with respect to a functional unit, whereas the JEC study expresses the 
impact of CO2 emissions from land-use change in terms of a payback period. The reports also 
ignore emissions associated with building plant, equipment and vehicles, and vehicle disposal. 
Nevertheless, the studies do cover the major emissions sources in fuel life cycles.  
The use of the DNDC-based model for estimating field N2O emissions reduces the uncertainty 
for this factor, although the N2O uncertainty still tends to dominate the well-to-wheels 
uncertainty of biofuel pathways. The reports also acknowledge that there is huge variability in 
agricultural conditions, inputs and yields across Europe, so the applicability of the study results 
for Europe as a whole to specific regions cannot be assumed. Table 3-4 summarises factors 
related to applicability and reliability of the JEC study results. 
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Table 3-4: Summary of main factors that define applicability and affect reliability of GHG 
results of JEC WTW studies 
Goal and scope definition  
Intended use of results 
“Have the outcome accepted as a reference by all 
relevant stakeholders” 
Functional unit 
100 km of travel in reference vehicle following the 
drive NEDC cycle 
System location  Europe 
Timeframe 2010 and beyond 
Cut-off criteria WTW, no capital goods 
Life cycle inventory  
Data sources and specificity 
Literature & expert assessments, average European 
data, marginal for energy supplies 
Approach to N2O emissions 
Soils chemistry model estimates for direct emissions, 
IPCC 1996 guideline default values and ranges for 
indirect emissions following leaching 
Approach to land-use change 
Direct land-use change indicated by GHG payback 
time, indirect land-use change not quantified because 
of high uncertainty 
Approach to co-products Credits applied for displaced production 
Overall transparency High transparency 
3.1.4 The GREET (Greenhouse Gases, Regulated Emissions, and Energy use in 
Transportation) model (Wang 2001; Wang 2010) 
Though not a study, the GREET model is included here because it is widely used and cited for 
biofuel GHG assessments, especially for US-based fuel pathways. GREET is a spreadsheet-
based fuel cycle model designed as a research tool for analysing fuel-cycle energy use and 
emissions (both greenhouse gases and regulated pollutants) associated with various transport 
fuel and vehicle technology combinations. It was developed by Argonne National Laboratory in 
the USA. The first version, version 1.0, was released in 1996 and the latest update, version 
1.8d.1, was released in August 2010. The model includes over 100 different fuel pathways, 
covering fossil fuels, biofuels and electricity. Version 1.8d.1 includes production pathways for 
the following biofuels: 
 ethanol from corn 
 ethanol from cellulosic biomass 
 ethanol from sugarcane 
 biodiesel from soybeans 
 renewable diesel from soybeans 
 butanol from corn 
GREET provides default fuel pathway characteristics based on the results of various studies, 
and also allows for the option of modifying pathway characteristics used in calculations. The 
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defaults are primarily for US energy production. Extensive data are provided for individual fuel 
chain processes, set out in detailed worksheets. Simulations are specified for years from the 
period 1990-2020, with underlying emissions factors provided at 5-year intervals and the user 
given the option to use linear interpolation for intervening years. For calculations involving 
multiple co-products, GREET allows the user to select between assigning credits, allocation by 
price or allocation by energy content. Carbon dioxide, methane and nitrous oxide are included in 
GHG emissions calculations.  
3.1.4.1 Strengths and limitations 
The GREET model is an extensive and detailed fuel cycle modelling tool that allows users great 
scope for analysing very specific fuel chains provided that they have the relevant data available. 
Default fuel chains appear to be based on national averages, although this is not made explicit 
and references are not provided. The provision of multiple allocation methods in the model can 
be useful for analysing the impacts of different allocation methods on model results, but in the 
absence of guidance or recommendations about the merits of the different options, it can also be 
a source of ambiguity. IPCC recommended defaults are used for soil N2O emissions from the 
biofuel pathways. This seems appropriate for the general use of the tool for modelling various 
specific pathways. However, for the US defaults, more location-specific estimates are currently 
possible with the use of tools such as the DNDC model. The latest version of GREET includes 
options for US and non-US land-use change associated with corn ethanol production, based on 
the results of a new study. 
The stochastic modelling feature was originally added to the GREET model as part of the GM 
WTW study described in section 3.1.1. As noted in section 3.1.1.2, the authors of the GM study 
report acknowledged that some of the probability distribution functions used in the model were 
of limited reliability. It is not clear whether the default probability distribution functions have 
been improved in subsequent versions of GREET. 
On the whole, the GREET model’s extensive simulation capabilities, its accommodation of 
user-defined fuel pathways, and its high transparency make it highly applicable for biofuel 
GHG assessments at different scales of resolution. Its lack of location-specific N2O factors and 
explicit references set limits on the reliability of model results.  
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Table 3-5: Summary of main factors that define applicability and affect reliability of GHG 
results of calculations using the GREET model 
Goal and scope definition  
Intended use of results 
To allow researchers and analysts to evaluate various 
vehicle and fuel combinations on a full fuel-
cycle/vehicle-cycle basis. 
Functional unit 1 km of travel in reference vehicle 
System location  US 
Timeframe Choice of years from 1990 to 2020 
Cut-off criteria WTW, capital plant and machinery not included 
Life cycle inventory  
Data sources and specificity 
Underlying factors based on literature & expert 
assessments; user can enter specific fuel chain data 
Approach to N2O emissions IPCC default 
Approach to land-use change 
Includes factors for direct and indirect land-use change 
for US corn ethanol only 
Approach to co-products Mix of approaches 
Overall transparency High transparency 
3.1.5 Greenhouse gas emissions in the production and use of ethanol from sugarcane in 
Brazil (Macedo et al. 2008) 
This study is the latest update in a series of life cycle assessments of the energy use and GHG 
emissions from Brazilian sugarcane ethanol carried out by the study’s lead author and his 
research group, the first being published in 1992 (de Carvalho Macedo 1992; de Carvalho 
Macedo 1998; de Carvalho Macedo et al. 2003; Macedo et al. 2008). This study and its earlier 
versions are frequently cited in other assessments of bioethanol and biofuels, including several 
of the other studies reviewed in this thesis. Frequent citations in authoritative contexts as the 
energy use and GHG reference for the world’s second-largest ethanol producer and for a source 
of ethanol with distinct environmental characteristics has made this assessment very influential 
in both research and policy settings.   
This “seed-to-factory gate” assessment provides a detailed inventory of agricultural and 
industrial inputs for ethanol production in Brazil, based on monthly surveys of sugarcane mills 
mainly in the Brazil’s Centre-South, the region that produces the majority of the country’s 
sugarcane. The data represents averages over the 2005/2006 and 2006/2007 production seasons 
from 44 mills, weighted according to mill size. In addition to emissions from direct material and 
energy inputs to sugarcane and ethanol production, embodied emissions in equipment and 
buildings were also accounted for. This was considered important because sugarcane ethanol 
production normally uses very little fossil fuel, burning bagasse (cane fibre) as fuel instead; total 
emissions can therefore be relatively low, and embodied emissions can constitute a significant 
proportion of total emissions. Brazil-specific data were lacking for fertilizer production and 
petroleum fuel, so international factors from published literature were used to calculate 
emissions from production of these inputs. IPCC-derived emission factors were used for field 
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burning of sugarcane trash and for nitrous oxide releases from soils. 
3.1.5.1 Main findings 
The total of the GHG emissions for production of anhydrous ethanol was calculated to be 436 
kg CO2eq/m
3
 or 20.5 kg CO2eq/GJ ethanol, which is 76% less than the JRC figure for emissions 
from production and use of European petrol, and 79% lower than the GM figure for North 
American petrol (the authors did not provide an emissions factor for Brazilian petrol). 
Emissions from soils constituted the largest component of this total, representing one-third of 
the CO2-equivalent emissions. These emissions consisted of N2O and CO2 releases after urea 
application, CO2 after lime application, and N2O releases after application of sugarcane trash 
and processing residues to the soil. The next biggest contributor to total emissions was trash 
burning carried out before sugarcane harvesting. These emissions, about 75% methane and 25% 
nitrous oxide in CO2-equivalent terms, made up 19% of the total. A detailed breakdown of the 
total emissions is given in Figure 3-5 below. 
 
Figure 3-5: Breakdown of calculated total life cycle GHG emissions of anhydrous ethanol 
produced from sugarcane in Brazil (Macedo et al. 2008). Calculated total equates to 20.5 
kg CO2eq/GJ ethanol. 
Note that the GHG emissions total of 20.5 kg CO2eq/GJ anhydrous ethanol does not include any 
emissions credits or allocation factor. This is the calculated total associated with all inputs and 
processes. The mills analysed also produce relatively small amounts of surplus bagasse fuel and 
electricity not required for ethanol production, on average 107 kWh surplus electricity and 260 
kg surplus bagasse per cubic metre of ethanol produced. For hydrous ethanol, the total GHG 
emissions were 417 kg CO2eq/m
3
 or 19.6 kg CO2eq/GJ ethanol. 
The Macedo et al study calculated GHG emissions avoided by the use of anhydrous ethanol in 
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E25 blends and the use of 100% hydrous ethanol in dedicated ethanol engines. E25 is the most 
common ethanol fuel in Brazil, and use of E100 is also common. For these calculations, energy 
equivalence factors stated to be based on experience in Brazil were used. These factors were 
replacement ratios of 0.75 litre of petrol per litre of hydrous ethanol, and 0.72 litre E25 per litre 
petrol. The calculations also included credits for surplus bagasse substituting for fuel oil in 
industrial boilers, and surplus electricity substituting for world average electricity. These 
calculations gave avoided emissions for hydrous ethanol replacing petrol of 2181 kg CO2eq/m
3
 
or 102.4 kg CO2eq/GJ hydrous ethanol, and 2323 kg CO2eq/m
3
 or 109.1 kg CO2eq/GJ 
anhydrous ethanol. 
3.1.5.2 Strengths and limitations 
This study benefits from the use of a long-running dataset collected from mills that processed 
almost a quarter of Brazil’s total sugarcane crop in 2006 and that are located mainly in the 
country’s largest ethanol-producing region. The analysis is comprehensive, including embodied 
emissions of buildings, equipment and ancillary inputs. The total calculated GHG emissions of 
20.5 kg CO2eq/GJ anhydrous ethanol represent a considerable savings relative to petrol. 
The use of a world average electricity emissions factor to calculate an electricity emissions 
credit does not reflect the reality of the substitution of surplus electricity in Brazil. The authors 
explain that they use this factor “to indicate clearly the mitigation obtained with the ethanol 
production and use, as related to the global emissions”, and accept that the choice is 
controversial. The energy equivalence factors used in the WTW calculations and the results of 
those calculations imply significant energy efficiency improvements for vehicles running on 
ethanol fuels compared with petrol. The study cites a report (Macedo et al. 2004) as the source 
for the factors, while indicating that they are subject to high variability. Given the significance 
of these factors in the WTW calculations, high confidence in the reliability of those calculations 
would require greater transparency in reporting their derivations. 
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Table 3-6: Summary of main factors that define applicability and affect reliability of GHG 
results of the Brazilian sugarcane ethanol study by Macedo et al (2008). 
Goal and scope definition  
Intended use of results 
To present GHG emissions calculations for Brazilian 
sugarcane ethanol based on the best available and most 
comprehensive data for the Center-South Region 
Functional unit Ethanol at plant gate 
System location  Centre-South region of Brazil 
Timeframe 2005/06, and projections for 2020 
Cut-off criteria WTW, buildings, plant and equipment included 
Life cycle inventory  
Data sources and specificity 
Surveys of local mills, literature; weighted average 
Centre-South region of Brazil 
Approach to N2O emissions Calculated as per IPCC 2006 guidelines 
Approach to land-use change Not included 
Approach to co-products Credits applied for displaced production 
Overall transparency High transparency 
3.1.6 Carbon and Energy Balances for a Range of Biofuel Options (Elsayed et al. 2003) 
This 2003 study for the UK Department of Trade and Industry had as its objective the 
production of a set of representative values and ranges for the energy requirements and GHG 
emissions from production of a number of fuels and electricity from biomass. It was based on 
the literature available from around the world at the time. In total, the results of 43 previous 
bioenergy studies covering both solid biomass fuels and liquid biofuels were analysed. 
3.1.6.1 Main findings 
Analysis of the pre-existing studies by Elsayed et al revealed significant differences in the 
number of environmental flows accounted for and the level of methodological detailed reported. 
Table 3-7 lists the coverage of GHGs and the assessment of Elsayed et al of the methodological 
transparency of those studies examined that included assessments of liquid biofuels. 
Table 3-7: Coverage of energy and greenhouse gases and transparency of methods and 
data in biofuel LCA studies analysed by Elsayed et al 2003. 
Study Biofuel 
Results 
Transparency Country 
Energy CO2 
Other 
GHG 
Total 
GHG 
Culshaw & 
Butler, 1992 
Biodiesel from 
oilseed rape 
  X X Partial UK 
IEA, 1994 
Biodiesel from 
oilseed rape 
X X X  X 
UK & 
USA 
Ethanol from 
sugar beet 
X X X  X 
UK & 
USA 
Ethanol from 
wheat 
X X X  X 
UK & 
USA 
Gustavsson 
et al, 1995 
Biodiesel from 
oilseed rape 
X  X X X Sweden 
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Study Biofuel 
Results 
Transparency Country 
Energy CO2 
Other 
GHG 
Total 
GHG 
Ethanol from 
wheat 
X  X X X Sweden 
Gover et al, 
1996 
Biodiesel from 
oilseed rape 
    Partial UK 
Ethanol from 
wheat 
    Partial UK 
Spirinckx & 
Ceuterick, 
1996 
Biodiesel from 
oilseed rape 
 X X  Partial Belgium 
Kaltschmitt 
& Reinhardt, 
1997 
Biodiesel from 
oilseed rape 
     Germany 
Ethanol from 
sugar beet 
     Germany 
ECOTEC, 
1999 
Biodiesel from 
oilseed rape 
X    X UK 
ECOTEC, 
2000 
Biodiesel from 
oilseed rape 
    X UK 
Richards, 
2000 
Biodiesel from 
oilseed rape 
   X X UK 
ECOTEC, 
2001 
Biodiesel from 
oilseed rape 
X X X  X UK 
Beer et al, 
2002 
Biodiesel from 
oilseed rape 
  X  X Australia 
Biodiesel from 
recycled 
vegetable oil 
  X  Partial Australia 
Grover, 2002 
Biodiesel from 
oilseed rape 
    Partial UK 
Marrow et 
al, 1987 
Ethanol from 
sugar beet 
 X X X X UK 
Ethanol from 
wheat 
 X X X X UK 
Born, 1994 
Ethanol from 
sugar beet 
X  X X X Germany 
Ethanol from 
wheat 
X  X X X Germany 
Ethanol from 
lignocellulosics 
X  X X X Germany 
Marrow et 
al, 1990 
Ethanol from 
wheat 
 X X X X UK 
Ethanol from 
lignocellulosics 
 X X X X UK 
Batchelor et 
al, 1994 
Ethanol from 
wheat 
    X UK 
Ferchak & 
Pye, 1981 
Ethanol from 
lignocellulosics 
 X X X X USA 
Wyman, 
1994 
Ethanol from 
lignocellulosics 
  X X X USA 
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Study Biofuel 
Results 
Transparency Country 
Energy CO2 
Other 
GHG 
Total 
GHG 
O'Connor et 
al, 1999 
Ethanol from 
lignocellulosics 
X    X Canada 
Wang et al, 
1999 
Ethanol from 
lignocellulosics 
    X USA 
– result presented or study methods transparent 
X – result not presented or study methods not transparent 
This review by Elsayed et al clearly illustrates important limitations common in earlier biofuel 
GHG assessments. Many earlier studies did not account for the powerful greenhouse gases 
nitrous oxide and methane, or did not make it clear whether emissions of these gases had been 
accounted for. Other important aspects of methodology, such as allocation procedures, were not 
always specified.  
By compiling data on material and energy flows for biomass provision and processing modules 
from relevant studies, Elsayed et al determined typical values and ranges for GHG emissions 
and energy use of biomass fuel supply chains. The full inventories used in these calculations 
were presented, with direct and indirect emission carbon dioxide, methane and nitrous oxide 
listed for each process input. Uncertainty ranges were provided for most inputs and emissions. 
The calculated total GHG emissions for biodiesel and ethanol, expressed per unit energy content 
(lower heating value) of the fuel, were as shown in Figure 3-6. The values for petroleum diesel 
and petrol are included for comparison. 
 
Figure 3-6: Life cycle GHG emissions for biofuels as assessed by Elsayed et al (2003) 
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3.1.6.2 Strengths and limitations of biodiesel and ethanol GHG assessments 
By clarifying the limits of scope and transparency and therefore of reliability of several previous 
biofuel assessments, this study helped to clarify the requirements for reliable biofuel GHG 
assessments. The new estimates derived in this study were supported by clear explanations of 
methodology and fully referenced tables of data used. 
Examination of the underlying factors used in the calculations shows that this study assumed a 
very low N2O emission rate of 0.0036 kg N2O/ kg N, compared with 0.021 kg N2O/ kg N value 
in current IPCC reporting guidelines. This would help to explain the much lower GHG 
estimates for ethanol and biodiesel in this study compared with other estimates of comparable 
fuel chains.  
Table 3-8: Summary of main factors that define applicability and affect reliability of GHG 
results of the study by Elsayed et al (2003) 
Goal and scope definition  
Intended use of results 
“to produce a set of baseline energy and carbon 
balances for a range of ...transport fuel production 
systems based on biomass feedstocks.”  
Functional unit Biofuel at point of distribution 
System location  UK 
Timeframe 2002 
Cut-off criteria 
WTT*, manufacture of plant, machinery and 
ancillaries included 
Life cycle inventory  
Data sources and specificity Literature sources, average UK 
Approach to N2O emissions Single factor much lower than IPCC value 
Approach to land-use change 
Crops assumed grown on set-aside; emissions credit 
applied for field maintenance and no soil or plant 
carbon charge considered 
Approach to co-products Mix of substitution and allocation by price  
Overall transparency High transparency 
* Note that although the common practice of referring to biofuel GHG assessments that report results per unit of fuel 
energy as well-to-tank (WTT) is followed in these summary tables, the author of this thesis considers this designation 
unsatisfactory, because these analyses invariably account for the cycling of carbon across the whole chain of 
production and use, and are used in comparisons with emissions across the whole chain of production and use of 
fossil fuels. These assessments are actually well-to-wheels assessments that ignore non-CO2 GHG emissions from 
fuel combustion, and present their results in a format that is often more useful than that based on vehicle-dependent 
travel distances.   
3.1.7 Technology Status Review and Carbon Abatement Potential of Renewable 
Transport Fuels in the UK (Woods and Bauen 2003) 
Among the objectives of this technology assessment carried out on behalf of the UK 
Department of Transport and Industry was an analysis of the potential for renewable transport 
fuels to reduce GHG emissions from the UK transport sector. The study included renewable 
transport fuel chains that were considered mature, near-market or at advanced R&D stage. 
Eighty-eight such fuel chains were identified, and thirteen were analyzed in detail, including 
eight liquid biofuel chains. Through literature reviews and consultations with experts, reported 
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GHG emissions figures for all fuel production stages were compiled. Data were converted to 
common units and emissions ranges calculated for each chain. 
3.1.7.1 Main findings on GHG emissions of biofuels 
The calculated GHG emissions ranges for the liquid biofuels analysed are shown in Figure 3-7, 
along with the ranges for petrol and diesel fuel. 
 
Figure 3-7: Calculated GHG emissions ranges for UK liquid biofuels and comparison with 
petrol and petroleum diesel as assessed in Woods and Bauen (2003) 
3.1.7.2 Strengths and limitations 
This study reflected the range of GHG estimates in the literature, which represented not just the 
diversity of options and pathway characteristics applicable to production of any biofuel, but also 
different assumptions and methodological choices used in the different studies cited.  The 
authors excluded co-product allocation or credits from all but one assessment (that for the best-
performing sugar beet ethanol pathway), so the results of this study are likely to differ from 
many other assessments or these pathways. The presentation of a diversity of results was 
appropriate to study’s broad objective of indicating potential GHG emissions performance, but 
the possible diversity of assumptions underlying the different sources cited make it difficult to 
ascertain how much of the variation for a given biofuel might be attributable to genuine 
diversity of pathways and how much results from differing assumptions.  
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Table 3-9: Summary of main factors that define applicability and affect reliability of GHG 
results of the Woods and Bauen (2003) study 
Goal and scope definition  
Intended use of results 
Analyze potential contribution of fuels to reducing 
GHG emissions from UK transport sector  
Functional unit 1 GJ of fuel at refuelling station 
System location  UK 
Timeframe 2004 
Cut-off criteria WTT, no capital goods 
Life cycle inventory  
Data sources and specificity Literature, UK 
Approach to N2O emissions 
Varied depending on the methods used in different 
sources 
Approach to land-use change Not considered 
Approach to co-products Not included in results  
Overall transparency High transparency 
3.1.8 WTW Evaluation for Production of Ethanol from Wheat (Punter et al. 2004) 
This study was a detailed well-to-wheels assessment of the energy use and GHG emissions of 
ethanol production from wheat grain in the UK, carried out by a team of experts tasked with 
achieving consensus on the true levels of energy use and GHG emissions for this biofuel option 
in the context of significant disagreement between pre-existing studies. The study was 
commissioned by the Low Carbon Vehicle Partnership (LowCVP), a UK-based group of 
organisations that promotes a shift to low carbon vehicles and fuels. The study group was made 
up of representatives of the agriprocessing company British Sugar, CONCAWE, the JRC and 
academic experts in life cycle assessment.  
The study identified the sources of disagreement in previous wheat-to-ethanol studies, and 
carried out a new analysis. The new assessment concentrated on production of wheat on set-
aside land following existing farming practices in the UK, and production of ethanol by 
conventional hydrolysis and fermentation of wheat grain.  It was determined that some typical 
or feasible variants of these farming and industrial operations differed in ways that could have 
important impacts on WTW energy use and GHG emissions, so it was decided to evaluate a 
number of pathways covering realistic variations in agricultural and industrial practice. Three 
operational choices differentiated the wheat-to-ethanol pathways: 
 Whether straw produced at grain harvest is ploughed back into the field to provide soil 
fertility benefits, or removed to become available as an energy source (but necessitating 
application of more fertilizer on to the soil); 
 How the heat and electricity necessary for the activities of the ethanol plant are 
provided; options available include a natural gas boiler for heat and grid-supplied 
electricity, combined heat and power (CHP) from a natural gas boiler and steam turbine, 
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CHP from a gas turbine with a steam generator recovering heat from exhaust gases plus 
a steam turbine, CHP from a gas turbine with a steam generator having supplementary 
natural gas firing plus a steam turbine, and CHP using a straw-fuelled boiler and steam 
turbine, with or without a condensing turbine; 
 How the distillers’ dried grains and solubles (DDGS) co-product of ethanol production 
would be utilized. 
The combinations of well-to-tank options and the resultant pathways are summarized in Table 
3-10. 
Table 3-10: WTT options and differentiation of wheat-to-ethanol pathways assessed in 
LowCVP study 
Use of straw Heat and electricity 
supply 
Use of DDGS 
co-product 
Description of pathway 
Ploughed into 
field 
Model a - Natural gas 
boiler plus electricity 
from grid 
Animal feed (1) NG boiler + grid, DDGS as 
AF 
Fuel (2) NG boiler + grid, DDGS as 
fuel 
Model b1 – CHP from 
natural gas boiler and 
steam turbine 
Animal feed (3) NG boiler + ST, DDGS as 
AF 
Fuel (4) NG boiler + ST, DDGS as 
fuel 
Model b21 – CHP from 
natural gas-fuelled gas 
turbine and steam 
generator and steam 
turbine 
Animal feed 
(5) NG GT + steam gen + ST, 
DDGS as AF 
Fuel 
(6) NG GT + steam gen + ST, 
DDGS as fuel 
Model b22 – CHP from 
natural gas-fuelled gas 
turbine and fired steam 
generator and steam 
turbine 
Animal feed 
(7) NG GT + fired steam gen + 
ST, DDGS as AF 
Fuel 
(8) NG GT + fired steam gen + 
ST, DDGS as fuel 
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Use of straw Heat and electricity 
supply 
Use of DDGS 
co-product 
Description of pathway 
Boiler fuel 
Model c1 – CHP from 
straw boiler and steam 
turbine 
Animal feed (9) Straw boiler + ST, DDGS as 
AF 
Fuel (10) Straw boiler + ST, DDGS 
as fuel 
Model c2 – CHP from 
straw boiler and steam 
turbine and condensing 
turbine 
Animal feed (11) Straw boiler + ST + cond. 
turbine, DDGS as AF 
Fuel (12) Straw boiler + ST + cond. 
turbine, DDGS as fuel 
Abbreviations: AF – animal feed, CHP – combined heat and power, DDGS – distillers’ dried grains and solubles , GT 
– gas turbine, NG – natural gas, ST – steam turbine 
The study dealt with the problem of attributing energy and emissions to the ethanol product 
from pathways that also generate additional products by subtracting, from the pathway totals, 
credits for the energy and emissions avoided as a result of the co-products displacing alternative 
production elsewhere. DDGS used as animal feed was assumed to displace imported soya feed, 
DDGS used as fuel was assumed to displace energy-equivalent amounts of fuel in coal-fired 
power plants, and surplus electricity was assumed to displace production of electricity from a 
UK-average mix of sources.  
Emissions of carbon dioxide, methane and nitrous oxide were included in the assessment. For 
estimating emissions of nitrous oxide from soil, the study used a soils chemistry database model 
developed by the JRC known as GREASE (GReenhouse Emissions from Agricultural Soils in 
Europe). UK-specific data on soil properties, nitrogen fertilizer use, weather and several other 
factors were used as inputs to GREASE to generate, for UK wheat-growing soils, an estimate 
for average N2O emissions that was assessed to have lower uncertainty levels than the default 
values recommended in IPCC emissions reporting guidelines.  
Well-to-wheels energy use and GHG emissions for the twelve specified pathways were 
calculated. Even though no vehicle model was evaluated, and the results of the assessment were 
reported per unit energy content of fuel, the GHG assessment was well-to-wheels, since the 
carbon dioxide released on combustion of ethanol in vehicle engines was taken into account by 
equating those emissions, along with other releases of CO2 (during fermentation to ethanol) 
originating from carbon in the wheat grain, to the CO2 captured photosynthetically by the wheat 
during its growth. The analysis did not, however, consider emissions of methane and nitrous 
oxide from ethanol combustion in vehicles. These emissions are highly variable but usually very 
low (Lipman and Delucchi 2002). 
Chapter 3: Existing assessment methodologies, results and reliability 
 
69 
 
3.1.8.1 Main findings 
The study’s initial investigation of the apparently large differences in results between pre-
existing studies identified the following as main sources of variation: 
 Scenario differences – the wheat-to-ethanol study results in the pre-existing literature 
covered a wide range of specific pathways, with different supply chain practices and 
performance.  
 Calculation methodologies – the existing studies adopted different approaches to 
allocating emissions from co-products and differed in the extent to which indirect or 
secondary impacts were included in pathway totals. 
 Input data, especially for ethanol production – study data varied in site specificity, 
versions and ages of equipment referred to, and levels of uncertainty. 
 Reference systems – the technical systems and market contexts into which ethanol 
supply chain operations are introduced or expanded can differ greatly, with 
correspondingly large differences in relative energy and emission impacts of changes to 
those reference systems; some observed differences in study results originate in 
different reference assumptions. 
For the well-defined set of wheat-to-ethanol pathways analyzed in the LowCVP study, the 
calculated well-to wheels GHG emissions were as illustrated in Figure 3-8. All pathways were 
assessed to produce lower emissions than petrol, but different pathways produced very different 
levels of reductions. The GHG emissions reductions achieved with ethanol per unit of fuel 
energy content compared with petrol ranged from marginal (7%) for the pathway utilizing a 
natural gas boiler and grid electricity in the ethanol plant while supplying the DDGS co-product 
as animal feed, to considerable (77%) for the pathway with ethanol plant energy supplied by 
straw CHP with a condensing turbine, and supplying DDGS as fuel. 
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Figure 3-8: Well-to-wheels GHG emissions results for wheat-to-ethanol pathways 
assessed in LowCVP study, with petrol emissions for comparison (equal vehicle 
efficiencies assumed for ethanol and petrol use; petrol value includes small contribution 
from CH4 and N2O produced during fuel combustion, but ethanol values do not) 
The generation of co-product credits had major impacts on the calculated pathway emissions. 
All pathways except those utilizing grid electricity generated surplus electricity for export to the 
grid and benefited from the credits applied. All pathways received credits for displacement by 
DDGS co-product of alternative production of animal feed or fuel for power plants. The chart in 
Figure 3-9 was constructed from the study data to reveal the total emissions, total credits and net 
emissions for the individual pathways. Use of DDGS for fuel generated large credits, 40 
gCO2eq per MJ of ethanol produced.  Use of DDGS as animal feed provided credits of 15 
gCO2eq per MJ of ethanol. Of the electricity-exporting pathways, those utilizing combined gas 
and steam turbine cycles generated the most credits. Supply chains using straw for ethanol plant 
energy generated the lowest total GHG emissions. 
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Figure 3-9: Total GHG emissions, total GHG emissions credits and net GHG emissions 
for wheat-to-ethanol pathways (net emissions bars superimposed on total emissions 
bars) 
Detailed analysis of the study data also reveals the large contributions of on-farm N2O 
emissions to the total GHG emissions of the wheat-to-ethanol pathways. Figure 3-10 shows the 
chart of Figure 3-9 overlaid with bars representing the on-farm N2O emissions of the different 
pathways, to illustrate the importance of these emissions to the WTW GHG emissions.  The on-
farm N2O emissions constituted between 17% and 38% of total GHG emissions, and were in 
fact larger than the net GHG emissions for two of the straw-boiler-based pathways. The high 
significance of on-farm N2O emissions to the calculations is very important because, despite the 
advances in calculation precision provided by a UK-focussed application of the GREASE 
model, estimation of N2O emissions from soils carries significant uncertainty. The LowCVP 
study authors estimated overall 80% confidence limits of +/-30% for their per hectare N2O 
emissions calculation.   
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Figure 3-10: Total GHG emissions, total GHG emissions credits, net GHG emissions and 
on-farm N2O emissions of the wheat-to-ethanol pathways (N2O emissions bars overlaid 
on net emissions bars which themselves overlay total emissions bars)  
3.1.8.2 Strengths and limitations 
Because this study started with an investigation of reasons for apparent discrepancies between 
existing biofuel GHG assessments, there was a strong focus on appropriateness of methodology 
in this work. The analyses of alternative feasible UK wheat-to-ethanol pathways provide a 
striking illustration of the varied possible GHG impacts of producing a single biofuel, ethanol, 
from a single feedstock, wheat, in a single country. The study is reported with high 
transparency, facilitating determination of appropriate applications of the pathway calculations 
and their component parts. Indeed, the inventory details of wheat-to-ethanol pathways from this 
study have been the basis for the wheat-to-ethanol pathways in the JEC studies since the 
publication of version 2a of the JEC study report in 2005. 
The use of set-aside land as a reference system in assessments of UK wheat-to-ethanol pathways 
suggests the existence of significant productive farmland that would be left uncultivated were it 
not for an ethanol market, a situation not considered realistic by some UK agricultural experts 
{Kindred, 2008 181 /id}. The GHG credit applied for emissions from this reference may have to 
be removed from future uses of this inventory, and appropriate account taken of whatever land-
use change occurs as a result of use of wheat for ethanol. 
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The study authors acknowledged a practical compromise in choosing soya meal as the animal 
feed that would be substituted by DDGS. The authors felt that it was more likely that maize feed 
would be substituted rather than soya, because of the closer match of nutritional properties 
between maize feed and DDGS. However, more reliable emissions data were available for soya 
than for maize, and the choice was not expected to affect the results greatly. Nevertheless, 
because co-product credits make a significant contribution to the net pathway emissions, it is 
important that these assignments be made as realistically and accurately as possible. 
Table 3-11 summarises the scope and important factors that influence the reliability of the 
Punter et al assessment. . 
Table 3-11: Summary of main factors that define applicability and affect reliability of GHG 
results of Punter et al study 
Goal and scope definition  
Intended use of results 
To provide “a sound and transparent scientific basis 
for ... recommendations to [UK] policy makers” 
Functional unit Provision of 1 GJ of road fuel 
System location  UK 
Timeframe 
2004 and some period after (system identified as 
“currently feasible”) 
Cut-off criteria 
WTW (ignoring non-CO2 GHG emissions in TTW), 
no capital goods 
Life cycle inventory  
Data sources and specificity Literature & expert assessments, average UK data,  
Approach to N2O emissions estimates  from GREASE soils chemistry model  
Approach to land-use change 
Assumed that wheat would be grown on set-aside, no 
land clearance charge 
Approach to co-products Credits applied for displaced production 
Overall transparency High transparency 
3.1.9 Review of ethanol studies by researchers from University of California, Berkeley 
(Farrell et al. 2006a) 
This study was reported in a paper published with the title “Ethanol Can Contribute to Energy 
and Environmental Goals” in the journal Science in January 2006. It evaluated the methods and 
results of six previous studies
4
 that had assessed the energy use and GHG emissions of corn 
                                                     
4
 The six studies evaluated were: 
1. Patzek, T.W. 2004. Thermodynamics of the Corn-Ethanol Biofuel Cycle. Critical Reviews in Plant 
Sciences, 23, (6) 519-567  
2. Pimentel, D. & Patzek, T.W. 2005. Ethanol Production Using Corn, Switchgrass, and Wood; Biodiesel 
Production Using Soybean and Sunflower. Natural Resources Research, 14, (1) 65-76  
3. Dias de Oliveira, M.E., Vaughan, B.E., & Rykiel, E.J. 2008. Ethanol as Fuel: Energy, Carbon Dioxide 
Balances, and Ecological Footprint. BioScience, 55, (7) 593-602  
4. Shapouri, H. & McAloon, A. 2004, The 2001 net energy balance of corn ethanol, U.S. Department of 
Agriculture (USDA), Washington, D.C., USA. 
5. Graboski, M. S. 2002, Fossil Energy Use in the Manufacture of Corn Ethanol, National Corn Growers 
Association, Washington, D.C. USA.  
6. Wang, M. Q. 2001, Development and Use of GREET 1.6 Fuel-Cycle Model for Transportation Fuels and 
Vehicle Technologies, Argonne National Laboratory, Argonne, Illinois, USA, ANL/ESD/TM-163. 
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(maize) ethanol produced in the United States. The evaluation described was part of a broader 
investigation of the potential effects of increased biofuel use in the US. The studies chosen for 
evaluation spanned the range of reported values for energy use and GHG emissions for corn 
ethanol. 
Existing studies were known to be based on different system boundaries and assumptions, so the 
study team developed a spreadsheet model (known as EBAMM or Energy and Resources Group 
Biofuel Analysis Meta-Model) that could replicate the different study results and was structured 
so as to allow ready examination of the study assumptions and data. Data and methods could 
then be adjusted for consistent system boundaries to enable valid comparisons. Assignment of 
credits was considered the most appropriate method for dealing with attribution of energy and 
emissions of systems with multiple products, and the results of studies that had not adopted this 
approach were adjusted to include such co-product credits. The EBAMM system boundary 
included embodied energy and emissions in farm machinery and ethanol plant capital 
equipment, inputs packaging, water supply and effluent processing; the system boundaries of 
the studies compared were adjusted to include these. Similarly, farm worker food and 
transportation energy and emissions had been within the system boundaries of some studies, but 
were excluded in EBAMM. For GHG emissions, CO2, CH4 and N2O were considered.  
In addition to comparing previous studies adjusted to a common reference, the study utilized 
study data considered the best available data to derive new estimates for three ethanol 
production chains. These were: 
 Production of ethanol from corn based on typical practices at the time of the 
study. This option was known as Ethanol Today 
 A CO2-intensive scenario for ethanol production based on real proposals at the 
time, featuring long-distance feedstock transport and lignite as the energy 
source for the ethanol plant. 
 A Cellulosic option for production of ethanol from switchgrass, based on data 
from one of the studies. 
3.1.9.1 Main findings on GHG emissions 
Even after adjustment to consistent system boundaries and calculation methodologies, the six 
studies reflected a wide range of GHG emissions for corn ethanol, from 20% greater CO2-
equivalent emissions than petrol to 32% lower. Some of the data used in some studies were 
considered to be of questionable quality, either out-of-date or outliers without citation or 
explanation. The study team estimated that average emissions for existing corn ethanol 
pathways were about 13% lower than those from petrol.  
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Figure 3-11 shows the GHG emissions for corn ethanol as originally reported in the six studies 
and after adjustment of the study data to represent comparable systems. It also shows the new 
estimates by Farrell et al of GHG emissions for typical US production, CO2-intensive 
production, and cellulosic ethanol production. These results strongly indicate that US corn 
ethanol does not produce significant GHG reductions compared with petrol, but that cellulosic 
ethanol can provide considerable reductions.  
 
Figure 3-11: GHG emissions for US corn ethanol as reported by six studies and after 
adjustment for consistency by Farrell et al (2006), along with new estimates for typical 
corn ethanol (Ethanol today), CO2-intensive corn ethanol production, and cellulosic 
ethanol. The US-average GHG emissions for petrol is also shown for comparison. 
3.1.9.2 Strengths and limitations 
The detailed evaluations of the data and methods of biofuel assessments from across the range 
of reported results enabled the Farrell et al study to separate sources of difference that might 
originate in genuine variation between existing corn ethanol supply chains and those that are 
unrepresentative of current practice and need to be corrected or removed from current analyses. 
The replication of the different study results, using their reported data and methods, to within 
one half of one percent strongly indicated that the Farrell et al (2006) analysis had correctly 
interpreted the data and methods used in those studies. The normalisation of the study results to 
common system boundaries, which enabled more meaningful comparisons between those 
results, also highlighted the need for greater standardisation of GHG assessment methodology. 
The use of the same transparent modelling required for investigating the six studies to develop 
the new GHG emissions estimates enhanced the credibility of those new estimates. 
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As pointed out in the supporting online material for this paper, the use of national or state-level 
data for these assessments can mask very large regional variations (Farrell et al. 2006b), 
especially for agricultural inputs and yields. The new estimates, especially the Ethanol Today 
estimate for US corn ethanol are limited by this lack of resolution. As the authors also 
acknowledge, considerations of emissions due to land-use change can affect these results 
significantly, but such analysis was considered unfeasible during this study. 
Table 3-12: Summary of important factors that define applicability and affect reliability of 
GHG results of Farrell et al (2006) study 
Goal and scope definition  
Intended use of results 
To better understand the energy and environmental 
implications of ethanol 
Functional unit 1 MJ of corn ethanol  
System location  US 
Timeframe 2006 and beyond 
Cut-off criteria WTT, capital plant and equipment included 
Life cycle inventory  
Data sources and specificity Literature; US 
Approach to N2O emissions 
Uses factor from GREET model (N2O-N = 1.5% of 
fertilizer N) 
Approach to land-use change Not included because of difficulty in estimating 
Approach to co-products Credits applied for displaced production 
Overall transparency High transparency 
3.1.10 Development of default values for the UK Renewable Transport Fuels Obligation 
(Bauen et al. 2008; Office of the Renewable Fuels Agency 2008; Office of the 
Renewable Fuels Agency 2010) 
The development of biofuel GHG default values used in the UK’s Renewable Transport Fuels 
Obligation (RTFO) has been included here as an example of the adoption of practical 
approaches to assessing GHG emissions from a large number of real biofuel supply chains on a 
continuing basis. The RTFO came into force in April 2008 and is a legal obligation on most 
suppliers of fossil-based road transport fuels in the UK (those supplying over 450,000 litres 
annually) to supply a fraction of their total output as biofuels. This fraction was 2.5% in 
2008/09 and 3.25% in 2009/10. The Obligation also includes a requirement for regular carbon 
and sustainability reporting by suppliers, and a set of default GHG emissions values has been 
derived for this purpose. Default values have been published for full fuel cycles as well as for 
individual supply chain operations to allow fuel suppliers to calculate pathway-specific GHG 
emissions values, and a standard calculation tool has been produced. A set of methodological 
choices was adopted for calculation of default values and for pathway-specific calculations 
within the scheme. These were categorised into boundary issues, co-product issues and fossil 
fuel reference systems. 
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Boundary issues  
Minor sources – the developers of the calculation methodology considered emissions from the 
following sources too minor to warrant the cost of data collection and continual updates: 
 cultivation of seed sown to grow biofuel crops 
 manufacture and  maintenance of machinery or equipment used in the chain of biofuel 
production and supply 
 operations that produce the greenhouse gases perfluorocarbons, hydrofluorocarbons or 
sulphur hexafluoride 
 production of chemicals used in conversion plants, if they would contribute less than 1 
percent of total fuel chain emissions  
Alternative land-use – calculations of emissions from alternative uses of land used to grow 
biofuels were excluded from assessments, due to high uncertainty 
Direct land-use change – coarse estimates of GHG impacts were included, based on GHG 
reporting guidelines of the IPCC. For any biofuel pathway, land-use change GHG impact was 
selected from a list based on country, type of vegetation on land converted to biofuel, and type 
of biofuel crop 
Alternative waste management – biofuels using waste feedstock were assigned credits for 
avoided emissions from alternative waste disposal where this could be identified 
Residues – residues not left on fields were treated as co-products  
Co-product issues 
No single method was adopted for attributing GHG emissions among the multiple products of 
biofuel pathways. Instead, the approach was selected on a case-by-case basis, with assignment 
of credits for avoided emissions considered as the preferred method, and allocation between co-
products on the basis of price favoured when the preferred method was deemed less reliable or 
practical. 
Fossil fuel reference 
Fossil fuel GHG emissions – the fossil fuel GHG intensity values used in calculations of GHG 
savings were based on those published in the JEC study reports. 
Vehicle efficiency – the reference vehicle efficiency values used for calculating WTW GHG 
savings were based on those published in the JEC study reports. 
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3.1.10.1 Main findings 
Default values have been calculated for a large number of transport biofuels in the RTFO. 
Figure 3-12 illustrates the range of values calculated. It is a principle of the RTFO reporting 
methodology that the default value for each biofuel pathway indicates a GHG intensity on the 
conservative (less well performing) side of the average for that pathway, in order to encourage 
reporting at a higher level of resolution.  
 
Figure 3-12: Default GHG emissions for transport biofuels in the RTFO (based on Office 
of the Renewable Fuels Agency 2010) 
3.1.10.2 Strengths and limitations 
The requirement for carbon reporting within the RTFO is driven by an acknowledgement of the 
diversity of GHG intensities possible for any biofuel. The development of default values not 
only for complete fuel production chains but also for individual processes from which different 
fuel production chains can be built indicates further the objective of identifying and calculating 
the GHG intensities of biofuel pathways at the most precise levels practicable. This emphasis on 
identifying variation and improving precision is a clear advantage of the RTFO reporting 
methodology, since it improves the chances of reported GHG intensities actually reflecting 
reality. The setting out of methodological guidelines for GHG intensity calculations helps to 
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reduce the level of variation resulting from differences in methodology, although the acceptance 
of alternative methods for handling co-product emissions can allow significant variation of this 
kind.  
The data used in deriving default values were chosen with the help of international experts and a 
public consultation, and the sources ultimately selected for different sets of data are listed in 
relevant documentation (Bauen et al. 2008). However, the specific reasons for ultimately 
selecting particular sources for particular data are not given. With significant differences 
existing between published sources on many of the data values, technical justification for data 
choices would aid reliability. 
Table 3-13: Summary of important factors affecting applicability and reliability of default 
GHG intensity values used in RTFO reporting 
Goal and scope definition  
Intended use of results 
For calculating biofuel GHG savings to report within 
the UK RTFO  
Functional unit 1 MJ of biofuel at plant gate 
System location  UK 
Timeframe 2008 and beyond 
Cut-off criteria WTT, capital plant and equipment excluded 
Life cycle inventory  
Data sources and specificity 
Literature, expert assessments, different levels of 
specificity as desired 
Approach to N2O emissions IPCC 2006 guidelines followed 
Approach to land-use change 
Direct land-use change estimates based on IPCC 
guidelines; indirect land-use change not considered 
Approach to co-products 
Mix of substitution and allocation, with substitution 
prioritized 
Overall transparency High transparency 
3.1.11 Assertion of new, higher estimate for nitrous oxide emissions from biofuel 
production (Crutzen et al. 2008) 
In 2008, Crutzen et al published a paper titled “N2O release from agro-biofuel production 
negates global warming reduction by replacing fossil fuels” in the journal Atmospheric 
Chemistry and Physics. The paper described a new evaluation of the total nitrous oxide 
emissions per unit of nitrogen newly fixed for agricultural production, and argued that the 
results of this evaluation demonstrated that previous biofuel GHG assessments had 
underestimated N2O yield from nitrogen fertilizer used in production of crops for biofuels. The 
authors contended that the true levels of N2O emissions from agriculture were so high that the 
GHG emissions savings achieved by replacing the real atmospheric CO2 additions from 
combustion of fossil fuels with the photosynthetically balanced CO2 from biofuel combustion 
are in some cases outweighed, in CO2-equivalent terms, by the increased N2O releases from 
biofuel crop production (nitrous oxide has a global warming potential about 300 times greater 
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than that of carbon dioxide). Crutzen et al accepted that a full determination of the effects of 
their higher N2O emissions estimates on overall CO2-equivalent emissions of any biofuel 
requires a full life cycle assessment of production and use of that fuel, with appropriate 
consideration of co-products. Nevertheless, it is clear that a significant upward revision of N2O 
emissions estimates for biofuel crop production could have important implications for 
assessments of the GHG benefits of several biofuel pathways, since N2O emissions constitute 
large fractions of the total GHG releases from these biofuel life cycles, as indicated for the 
LowCVP wheat-to-ethanol pathways in Section 3.1.8.1 and Figure 3-10.  
For their study, Crutzen et al introduced a new global-scale, top-down method for estimating 
nitrous oxide emission factors for agricultural production. Using long-term observations of 
atmospheric N2O concentrations, the authors estimated the total mass of nitrous oxide emitted to 
the atmosphere per year and the mass emitted from natural sources per year, in order to 
determine the annual anthropogenic N2O emissions. They then estimated total agricultural N2O 
emissions by subtracting from the anthropogenic total, an IPCC estimate for annual nitrous 
oxide releases from industry. Their corresponding global estimate of nitrogen fixed annually for 
agriculture was derived by adding the total annual Haber-Bosch nitrogen output, less a 
proportion of this not used for agriculture, together with the total annual biological nitrogen 
fixation over and above the pre-industrial level, plus the total nitrogen fixed annually by burning 
fossil fuels. The ratio of the calculated global agricultural nitrous oxide releases to the 
calculated global nitrogen fixation for agriculture was then taken as the appropriate emissions 
factor to use in assessments of the N2O emissions from agricultural production, including for 
biofuel feedstock production.  
3.1.11.1 Main findings 
Both the total agricultural N2O releases and total nitrogen fixation for agriculture were 
expressed as ranges. The ratio of these two estimates, expressed as mass of N2O-N released per 
unit mass of N fixed, was found to be 3-5%. This range was also found to apply for the pre-
industrial period. In comparison, the IPCC (2006) guidelines used in many studies give an 
emission factor for total direct and indirect emissions of 1.3%, although the wide ranges 
specified for the direct and different indirect components lead to an overall range of 0.3-6.5%. 
Using typical values for N-content of rapeseed, maize and sugar cane, average nitrogen use 
efficiency for these crops, the carbon accumulated in crop biomass and the ratio of carbon in 
biofuel to carbon in the biofuel feedstock, the range of N2O emissions per unit of carbon 
oxidised in biofuel combustion was determined, and the CO2-equivalence of these N2O 
emissions were compared with the CO2 emissions per unit of carbon oxidised in the equivalent 
fossil fuel combustion. This analysis found that production of oilseed rape for biodiesel 
produced N2O emissions with CO2 equivalence 1.0-1.7 times the CO2 saved by combustion of 
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rapeseed biodiesel instead of petroleum diesel, production of maize for conversion to ethanol 
produced N2O emissions with CO2 equivalence 0.9-1.5 times the CO2 saved by combustion of 
ethanol instead of petrol, and production of sugar cane for ethanol produced N2O emissions with 
CO2 equivalence 0.5-0.9 times the CO2 saved by combustion of ethanol instead of petrol. The 
paper concludes that “the relatively large emission of N2O [from biofuel production] 
exacerbates the already huge challenge of getting global warming under control”. 
3.1.11.2 Strengths and limitations 
The “top-down” approach of Crutzen et al for determining N2O emission factors from 
agriculture seems in principle an elegant solution to the problem of estimating and tallying up 
averages for highly variable as well as temporally and spatially separated N2O releases that 
follow application of nitrogen fertilizer to soil.  Individual emission factors have high 
uncertainty, so the uncertainty of the derived totals can be huge (Table 3-14).  
Table 3-14: Nitrous oxide emission factors and ranges given in the IPCC emissions 
inventory guidelines (IPCC 2006), with a calculated total for N-applications to typical 
mineral agricultural soil 
  Default 
Values 
Range 
Units 
Lower Upper 
EF1 
(Emission factor for N additions from 
fertilizers, manures, crop residues and 
changes in SOM) 
0.01 0.003 0.03 
kgN2O-N/kg 
N 
EF4 
(Emission factor from N volatilised and re-
deposited) 
0.01 0.002 0.05 
kgN2O-N/kg 
N 
EF5 
(Emission factor from N leached) 
0.0075 0.0005 0.025 
kgN2O-N/kg 
N 
FracGASF 
(volatilisation from synthetic fertiliser) 
0.1 0.03 0.3 proportion 
FracLEACH 
(fraction of N leached) 
0.3 0.1 0.8 proportion 
Total N2O emissions from application of N 
additions 
0.021 0.005 0.102 
kgN2O/kg N 
applied 
0.013 0.003 0.065 
kgN2O-N/kg 
N applied 
 
It is worth noting that while the IPCC default value of 1.3% of fertilizer N being released as 
N2O-N is lower than the Crutzen range of 3-5%, the full IPCC range is so wide (0.3-6.5%) that 
it includes the Crutzen range. If the Crutzen methods and data are valid, then this study has 
produced a more complete, accurate and precise estimate of N2O yields from nitrogen additions 
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to agriculture. However, two sets of uncertainties need to be clarified before adopting the 
Crutzen N2O yield figures for specific crop production assessments: 
 Uncertainties in the values used to determine the global scale emission factor – 
although the ranges used in the derivation of the global agricultural emission 
factor imply that these quantities (total global N2O emissions, total industrial 
emissions, total additional biological nitrogen fixation, etc.) are known with 
greater certainty than the average emissions given by the IPCC, it is important 
to confirm the level or certainty associated with these values.  
 Uncertainties in the validity of the translation from the derived global emission 
factor to specific local or regional crop production - any specific crop 
production system is very unlikely to be an exact scaled-down replica of the 
global system used to derive the N2O emission factor. For example, the global 
figures include emissions from cattle and feedlots, while many farming systems 
do not. In interactive online discussions on the Crutzen paper published by 
Atmospheric Chemistry and Physics (Crutzen et al. 2007), the authors explain 
that separating out emissions from animal husbandry would require additional 
assumptions, and they consider it unjustified to make such assumptions on the 
basis of current knowledge; they estimate that separating out animal husbandry 
emissions would not greatly affect their derived range.  
However precisely the global crop-production sector is defined, it must be 
noted that the uncertainty span of the global N2O yield (2% in this case) results 
from the quoted uncertainty ranges of the global totals for N2O emissions and 
nitrogen fixation used in deriving the global yield, and does not represent the 
variation in emissions factors that may be expected among different crop 
production systems. On the whole, in the absence of evidence that cultivation of 
specific crops for biofuels have lower N2O emission factors than average crop 
production, it does seem reasonable to apply a global agricultural emission 
factor to biofuel feedstock production, but in applying the Crutzen emissions 
range, uncertainties arising from the definition of the system represented by this 
range need to be acknowledged. 
The Crutzen paper compared the N2O emissions from crop production with the CO2 savings 
from biofuel combustion. This comparison is of limited usefulness beyond providing an 
indication of the relative scale of the emissions. As the authors note, full life cycle assessments 
are required in order to determine whether the higher estimates of N2O emissions would be 
enough to render specific biofuel pathways unfavourable in terms of total GHG emissions 
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compared with fossil fuels. The effects of adopting the Crutzen N2O factors in existing biofuel 
assessments are explored further in Chapter 5. 
In general, the Crutzen study has contributed a new perspective on estimation of nitrous oxide 
emissions from biofuel production, and its findings can be useful in future refinements of 
methods for estimating N2O emissions. However, as the authors conceded in the interactive 
online discussions of this paper, there is potential for over-interpretation of the results. In the 
same discussion, the authors also point out that the purpose of the paper was to encourage 
further research rather than to provide a final answer. 
3.1.12 Quantifications of land-use change impacts of biofuel production (Fargione et al. 
2008a; Searchinger et al. 2008a) 
The results of these two studies were published in the same issue of the journal Science in 
February 2008. Both presented quantifications of soil and plant carbon releases that result from 
conversion of land to biofuel crop production from alternative types of vegetation cover. 
Previous GHG assessments of biofuels had not accounted for these releases, mainly because 
they were considered too uncertain.  
Land Clearing and the Biofuel Carbon Debt (Fargione et al. 2008a) 
This study estimated total carbon dioxide releases from soils and plant biomass over 50-year 
periods following conversion of land to biofuel crop production from grassland, forest and 
abandoned or degraded land in important current biofuel-producing locations. For each example 
of land conversion considered, the authors calculated the amount of time it would take for the 
50-year “carbon debt” to be exactly compensated by the tally of GHG savings from substitution 
of the biofuel yield of successive crop harvests on the converted land for fossil fuels. The land 
conversions considered were: 
1. Brazilian Amazon to soybeans for biodiesel, 
2. Brazilian Cerrado to soybeans for biodiesel, 
3. Brazilian Cerrado to sugarcane for ethanol,  
4. Indonesian or Malaysian lowland tropical rainforest to oil palm for biodiesel, 
5. Indonesian or Malaysian peatland tropical rainforest to oil palm for biodiesel, 
6. U.S. central grassland to corn for ethanol 
7. Abandoned US cropland to corn for ethanol 
8. Abandoned US cropland to prairie grass for ethanol 
9. Degraded US cropland to prairie grass for ethanol 
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The CO2 emissions that result from land clearing include high rates of initial releases from 
burning and from decomposition of the finer plant biomass cleared, as well as more gradual 
emissions as the remaining larger plant material (including a fraction of those converted to 
wood products) decays over periods of many years. For this study, the 50-year period was 
considered to cover most of the total CO2 release from conversion of land systems with mineral 
soils.  
The estimates of carbon stored in native habitats and the amounts released as a result of 
conversion to specific types of crop production were based on information in published 
literature. The calculations accounted for carbon locked up in charcoal and in long-lived wood 
products, as well as carbon accumulations from the biofuel cropping system. Published studies 
also provided values for biofuel yields per unit of land area planted and life cycle GHG 
emissions savings compared with fossil fuels (before consideration of land-use changes) 
(Fargione et al. 2008b). The total carbon debts resulting from land conversion were allocated 
between the biofuels and other co-products in proportion to their 2007 market values. 
The study authors considered that their analysis illustrated ongoing impacts of biofuels on 
habitat conversion, citing published reports and estimates of such conversions in Indonesia, 
Malaysia, Brazil and the US. 
3.1.12.1 Main findings 
The study found that converting native grasslands and forests to biofuel crop production 
resulted in large carbon debts and long repay times of the order of decades or centuries (Figure 
3-13). Of the examples of native ecosystem conversion considered, clearing of Malaysian or 
Indonesian peatland rainforest for oil palm plantations was found to produce the highest carbon 
debt, of almost 3500 tonnes of CO2 per hectare. However, because the 50-year carbon debt 
period is insufficient to account for large amounts of CO2 released from drained peatland, which 
the authors note could be expected to release carbon dioxide for 120 years, the full carbon debt 
of this land-use change is much greater, estimated at about 6000 tonnes CO2 per hectare. The 
calculated carbon debt from converting Brazilian cerrado grassland to soybean cultivation was 
the lowest of the native ecosystem conversions studied, a still substantial 85 tonnes of CO2 per 
hectare (for comparison, a tonne of CO2-equivalent emissions is produced from production and 
combustion of about 350 litres of petrol). The time to repay the proportion of the 50-year carbon 
debt from conversion of Malaysian or Indonesian peatland rainforest to oil palm was calculated 
to be over 420 years, while the time to repay the 120-year debt was estimated as over 840 years. 
Because of the high GHG savings from sugarcane ethanol, the conversion from Brazilian 
cerrado to sugarcane for ethanol produced the lowest carbon debt repayment period of the native 
ecosystem conversions, of approximately 17 years. 
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The carbon debt from converting abandoned US cropland to corn production was calculated to 
be 69 tonnes CO2 per hectare; more than half of this total was loss of carbon that had 
accumulated in soil since abandonment of cropping. Using the ethanol produced on this land 
would require 48 years to repay the carbon debt. On the other hand, converting either 
abandoned cropland or marginal cropland to native perennial grasses was estimated to incur no 
losses in soil carbon, and these land conversions incurred either relatively low or no carbon 
debt. 
The study concluded that GHG assessments of biofuels must account for the GHG emissions 
resulting from land-use change.  
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Figure 3-13: Main findings of study into CO2 impacts of land clearance for biofuel crop 
production by Fargione et al (2008). Charts show, from top, calculated carbon debts, 
fractions of debts allocated to biofuels, annual CO2-equivalent repayments from biofuel 
use and time to repay carbon debt for land clearance examples analysed. Note that the 
charts illustrating carbon debts and time to repay use logarithmic scales. 
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3.1.12.2 Strengths and limitations 
This paper has provided a useful contribution to the field of biofuel GHG assessments by 
providing one of the first peer-reviewed estimates of the scale of possible GHG impacts of land-
use change caused by biofuel crop production. The estimates do carry significant levels of 
uncertainty. Examination of the data used in the assessments reveals high variability among the 
carbon storage estimates from the different literature sources used for calculating carbon debt 
for a number of ecosystem conversions. For example, in estimating the carbon debt for 
converting grassy cerrado to soybean production, the amount of soil carbon lost was estimated 
as a proportion of soil carbon in the native habitat. The twelve estimates cited gave values for 
this proportion that ranged from -9% to +80% of soil carbon. The carbon debt estimated for this 
conversion was 85 MgCO2 ha
-1
, but this estimate had a standard deviation of 42 MgCO2 ha
-1
. 
There was also high variability in the estimates for conversions of Southeast Asian peatland, 
Brazilian woody cerrado and abandoned US cropland. The calculations involve other 
assumptions that give rise to uncertainty, including the assumption of a constant annual 
repayment, which ignores any future changes to the GHG intensities of biofuel production and 
of the reference fossil fuel production. Despite the uncertainties associated with estimating the 
carbon debt and the repayment period, it is still clear that conversion of native ecosystems to 
cropland (whether for biofuels or other uses) can lead to very large CO2 releases. 
Use of U.S. Croplands for Biofuels Increases Greenhouse Gases Through Emissions from 
Land-Use Change (Searchinger et al. 2008a) 
To illustrate the scale of land-use change impacts of ethanol production, this study used a multi-
commodity, multi-country, deterministic partial equilibrium model to estimate the extent of new 
land conversions to crop production that would occur around the world in response to a 
specified increase in corn ethanol demand in the US. The study considered the requirements for 
producing an additional 56 billion litres of US corn ethanol, which was the difference between 
two model projections for US corn ethanol demand in 2016, one a lower baseline projection and 
the other an expanded production scenario driven by higher crude oil prices and unconstrained 
ethanol vehicle markets (Searchinger et al. 2008b). The corn required for all this increased 
ethanol production was assumed to come from within the US, but the increased demand for corn 
and cropland and increases in crop prices were expected to lead to reductions in US exports of 
corn and reductions in US production and exports of wheat, soybeans and other crops as well as 
animal products. The shortfall in supply of these commodities on the world markets would be 
met by new production outside the US, with grassland or forest being converted to crop 
production. The econometric market model was used to estimate the extent of increased land 
conversions to cropland in countries around the world under these circumstances, considering 
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changes to production of 13 different crops in each country. It was then assumed that the types 
of ecosystems converted to cropland in each country followed the patterns observed during the 
period 1990-99. Plant and soil carbon stocks in the pre-conversion ecosystems were derived 
from various literature sources. CO2 losses from crop conversion were assumed to include all 
carbon in plants cleared and 25% of carbon in soils. These losses were assumed to occur within 
30 years of conversion. Dividing the worldwide 30-year carbon debt by the 56 billion litres of 
ethanol causing it gave a land-use change factor that was then compared with the value for GHG 
savings per litre of US corn ethanol calculated with Argonne National Laboratory’s GREET 
model, which does not account for indirect land-use change. As in the study by Fargione et al 
(2008), a time to repay the carbon debt was calculated. 
3.1.12.3 Main findings 
The modelling carried out in the study produced an estimate of 10.8 million hectares of land 
conversion around the world in response to the demand for an additional 56 billion litres of 
ethanol. This was estimated to lead to 3.8 billion tonnes of CO2-equivalent emissions over a 30-
year period (Table 3-15). Comparing this total with the corn ethanol GHG savings estimate 
from the GREET model produced a payback period of 167 years.  
Table 3-15: Estimates by Searchinger et al 2008 of worldwide land conversions to 
cropland and resultant GHG emissions resulting from production of additional 56 billion 
litres of corn ethanol in the US by 2016 (Searchinger et al. 2008b) 
Region 
Area Change 
(hectares) 
CO2 Equivalent 
per hectare 
(tonnes per 
hectare) 
Total emissions 
(tonnes CO2 
equivalent) 
Canada 38,782 311.2 12,068,768 
Africa 1,141,119 288.4 329,059,840 
Europe 263,698 262.2 69,143,911 
Former Soviet Union -153,150 196.9 -30,154,728 
Latin America 3,358,822 336.9 1,131,743,766 
North Africa and Middle East 381,691 94.3 36,005,866 
Developed Pacific 104,022 232.4 24,171,504 
China/India/Pakistan 2,432,718 199.1 484,348,023 
Southeast Asia 795,815 1,018.60 810,594,217 
United States 2,245,217 383.6 861,212,723 
Rest of the World 207,767 351.4 73,014,961 
Total 10,816,502   3,801,208,851 
The study also included an estimate for ethanol produced from switchgrass in the US, which 
was calculated to require a payback period of 52 years, and Brazilian sugarcane, estimated to 
require 4 years for CO2 payback if only tropical grazing land is converted, or 45 years with 
indirect conversion of rainforest.  
The authors concluded that biofuel production should focus on waste feedstock or feedstock 
grown on carbon-poor lands to avoid large CO2 releases from direct and indirect land-use 
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change.  
3.1.12.4 Strengths and limitations 
The Searchinger et al study set out to quantify biofuel-engendered GHG emissions from the 
category that has so far proved most difficult to quantify – those from indirect land-use change.  
There is high uncertainty associated with estimates of CO2 releases from direct land-use change, 
as illustrated by examination of the details of the Fargione et al (2008) estimates in section 
3.1.11.2 above. Quantifying CO2 releases from indirect land-use change resulting from biofuel 
production also involves estimations of emissions from direct land conversions, with attendant 
uncertainties. In addition, this estimate requires detailed understanding of a complex set of 
cause-and-effect relationships that are particularly difficult to characterise with high precision. It 
requires identification and quantification of all new land conversions carried out to meet a 
demand for crops displaced from existing cropland by biofuel requirements, or by requirements 
for crops that had themselves been displaced by biofuel requirements. The credibility of the 
entire assessment relies heavily on the ability of the model used to meet these requirements. The 
authors do not address the issue of model reliability, which appears to be taken for granted. 
There has been some external questioning of the current capabilities of the model, based in part 
on the observation that real experience in the US in recent years does not conform to important 
relationships built into the model (Wang and Haq 2008).   
As with the Fargione et al study, this research is important despite its limitations. Both studies 
have helped to generate much discussion and interest in improving our understanding of the 
GHG impacts of land-use change from biofuel production. Some land-use change can be 
expected to occur as a result of increased biofuel production, and biofuel GHG assessments 
need to take these into account in order to reflect reality. 
3.1.12.5 Methodological issues for GHG assessments highlighted by Fargione et al and 
Searchinger et al studies 
Looking towards the inclusion of land-use change impacts in biofuel GHG assessments, the 
form of presentation of the results of the studies by Fargione et al and Searchinger et al raises 
interesting and important questions for further development of the assessment methodology. 
Both studies present the GHG impacts of land-use change in terms of a repayment period. This 
form of describing these impacts is straightforward, and is useful for demonstrating the 
magnitude of the negative impacts relative to the GHG benefit of biofuels calculated without 
consideration of land-use change. However, this presentation is a departure from the formats 
usually employed in biofuel GHG assessments, which have their origins in life cycle assessment 
and energy analysis. Standard practice in these disciplines is to express the relevant impact of a 
product as the total measure of all instances of that impact caused by the production and use of 
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that product, per unit quantity of the product or per unit measure of its function. Thus, it is usual 
to express the total GHG impacts of a biofuel as the total CO2-equivalent emissions resulting 
from the production and use of that biofuel per unit quantity of the biofuel or per unit distance 
travelled on the biofuel. The way this calculation is usually carried out in effect sums all the 
GHG emissions caused by the production and use of the biofuel over a representative period 
(usually a year) of production and divides this total by the amount of biofuel produced in that 
period. It is common to use data covering a year for these calculations because they tend to be 
representative, capturing all activities related to a season’s production of annual crops, and 
convenient, since they coincide with a common reporting period for most agricultural and 
industrial activities. The objective of the calculation is to assign GHG emissions to the useful 
products of the processes causing them. If the activities carried out in order to produce a biofuel 
in a given year cause some GHG emissions that occur in later years (such as those N2O releases 
that result from nitrogen fertilizer application but occur long after this application, following 
recycling through crop residue), the principle of assigning impacts of processes to the useful 
products of those processes requires that those emissions in later years be assigned to the 
biofuels produced in the year in which they were caused.  The principle also requires that 
impacts of activities carried out to enable biofuel production for many years be assigned to all 
the biofuel produced over those many years. The conversion of land for biofuel crop production 
falls into this category, since the initial land clearance is to enable production of biofuel on that 
land for many years into the future. When a native ecosystem is converted to biofuel crop 
production, the majority of the CO2 emissions occur over a short period immediately following 
conversion, and these emissions gradually decline until at some point all the CO2 emissions 
attributable to the land conversion will have been produced. Thus, incorporating land-use 
change into biofuel GHG assessments that conform to current standard practice introduces a 
requirement to estimate not just the total emissions resulting from the land conversion, but also 
the total quantity of biofuel that will be produced from the land.  This introduces uncertainty 
related to forecasting future human decisions about continued production, and also suggests that 
some form of time discounting might be appropriate.  
Further detailed analysis of land use changes and their representation in biofuel GHG 
assessments were considered beyond the scope of this thesis. They are included in the list of 
topics for further research.  
3.2 Summary of literature review findings 
The number of published GHG assessments of biofuels increased considerably in recent years, 
coinciding with considerable growth of the global biofuels industry and increasing awareness of 
climate change and the need to reduce GHG emissions. This review of some of the most 
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significant of those studies has illustrated the main findings and trends reported, and highlighted 
an evolution of ideas about the requirements for complete and reliable biofuel GHG 
assessments. The main findings of this review are summarised below: 
1. Many earlier GHG assessments of biofuels lacked transparency of methodology, data 
and even the range of greenhouse gases considered. The significant studies reviewed 
here are generally transparent, with some variation. 
2. Studies use different methods or combinations of methods for attributing emissions 
among co-products, although assigning emissions credits for displaced production 
appears to be preferred in most studies. 
3. Most biofuel GHG assessments find net GHG savings from production and use of 
biofuels compared with the common fossil fuel alternatives. In general, biofuels made 
from cellulosic or waste feedstock and sugarcane ethanol are found to provide the 
greatest savings, while US corn ethanol is found to provide the least or no savings. 
However, there are often very significant differences between GHG emissions reported 
for apparently identical fuels, even among the more respected sources reviewed here. 
4. The common finding of GHG savings with some crop-based biofuels cannot yet be 
taken as confirmation of their GHG advantage, because the assessments commonly 
exclude full consideration of the important uncertainties associated with soil emissions 
of nitrous oxide and with CO2 releases from land-use change, as described in points 5 
and 6 below.  
5. N2O emissions from soils are known to have very high variability, depending on a 
number of site-specific factors. N2O emissions estimates used in GHG assessments 
therefore have high uncertainty, but it has been common to report GHG emissions and 
savings from crop-based biofuels without indicating the effect of this uncertainty on the 
reported results. This can be particularly important when the broad-based IPCC default 
values are used, because these have very wide uncertainty ranges. 
6. Land-use change impacts have not been included in most biofuel GHG emissions 
estimates, largely because of the very high uncertainties associated with estimates of 
these impacts. This has been acknowledged in many study reports, but the manner of 
reporting these GHG estimates that exclude land-use change impacts has generally not 
acknowledged the potential significance of this omission. Many studies provide 
uncertainty ranges for each biofuel GHG estimate, but without highlighting a potentially 
significant omission from those ranges, they tend to give the impression that all 
expected variation is accounted for. 
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7. As the broader sustainability of biofuels has come under increasing scrutiny in recent 
years, the results of GHG assessments of biofuels are increasingly being questioned. 
One result of this is that a number of assumptions (such as set-aside reference systems) 
and omissions (of, for example, emissions from land-use change and site-specific 
emissions factors) previously accepted as practical compromises in carrying out biofuel 
GHG assessments are increasingly regarded as unsatisfactory. Future GHG assessments 
of biofuels will have to meet more stringent requirements for reliability. 
The main factors affecting the reliability of the GHG assessment studies reviewed in this 
chapter are summarised in Table 3-16, grouped into factors that are related to the precision of 
the pathway specification, those that are subjective elements in the methodology, and those that 
result from scientific uncertainty. An overall assessment of the reliability of the assessments is 
also given for each study. 
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Table 3-16: Summary of factors determining reliability of reviewed studies 
Study/paper 
Precision of biofuel pathway 
specifications and applicability of 
results 
Subjective elements in methodology 
Methods of dealing with main scientific 
uncertainty 
Overall assessment of reliability 
Brinkman et al. 
2005 
Calculations for average North 
America; uncertainty range provided, 
but this is in part a reflection of the 
different outcomes of applying co-
product credits and allocating by 
price; results applicable to North 
America in 2016 (projected) 
Uses both emissions credits and price 
allocation to account for co-product 
emissions; emissions from capital plant 
apparently excluded 
Soil N2O emissions assumed proportional 
to N-fertilizer applied; land-use change 
not addressed directly, but direct CO2 
emissions from soil assumed proportional 
to amount of crop harvested; these 
models are subject to high uncertainty 
Access to high-quality data sources and extensive 
expert inputs indicate high reliability of inventory 
data, but unclear system boundaries, high 
uncertainty of soil emissions and results ranges that 
reflect methodological subjectivity represent 
deficiencies in overall reliability.  
L-B 
Systemtechnik 
GmbH 2002a 
Calculations for average Europe; 
uncertainty range provided; results 
applicable to Europe in 2010 
GHG emissions credits applied for 
production displaced by co-products; 
emissions from capital plant excluded 
IPCC 1996 guideline default values and 
ranges used for soil N2O emissions; land-
use change ignored because of high 
uncertainty 
This study provides detailed data and clear 
references for pathway flows, but not for the GHG 
emissions factors for all those flows. This limits 
assessment of study reliability. Overall, the study 
reliability is most limited by the uncertainties 
associated with soil N2O emissions and land use 
change. 
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Study/paper 
Precision of biofuel pathway 
specifications and applicability of 
results 
Subjective elements in methodology 
Methods of dealing with main scientific 
uncertainty 
Overall assessment of reliability 
JRC et al. 2007 Calculations for average EU-15; 
uncertainty range provided; results 
applicable to EU-15 countries (as a 
group) in 2010 
GHG emissions credits applied for 
production displaced by co-products; 
emissions from capital plant excluded 
Soils chemistry model estimates for direct 
N2O emissions from soils, IPCC 1996 
guideline default values and ranges for 
indirect soil N2O emissions following 
leaching; direct land-use change indicated 
by GHG payback time, indirect land-use 
change not quantified because of high 
uncertainty 
This study report notes that this is not a life cycle 
analysis, but the study does cover processes across 
the life cycles of biofuels. It omits emissions from 
production of some inputs to biofuel production 
(such as enzymes and chemicals used in wheat 
ethanol production, considered less significant in 
the analysis), as well as emissions from capital 
plant. Use of a DNDC-based model for estimating 
direct field N2O emissions reduces the uncertainty 
for this factor. Overall, reliability is limited by an 
approach that does not require full coverage of life 
cycles, and still significant uncertainties for field 
CO2 and N2O emissions. 
Wang 2001 Flexibility in pathway precision, but 
underlying factors are primarily for 
the US, for specified years between 
1990 and 2020 
Allows users to select between 
assigning co-product credits, or 
allocation by price or energy content; 
emissions from capital plant excluded 
IPCC  defaults are used for soil N2O 
emissions, latest version estimates CO2 
emissions from US and non-US land-use 
change associated with corn ethanol 
production only 
The GREET model’s extensive simulation 
capabilities, its accommodation of user-defined fuel 
pathways, and its high transparency make it highly 
applicable for biofuel GHG assessments at different 
scales of resolution. Its lack of location-specific 
N2O factors and explicit references set limits on the 
reliability of model results. 
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Study/paper 
Precision of biofuel pathway 
specifications and applicability of 
results 
Subjective elements in methodology 
Methods of dealing with main scientific 
uncertainty 
Overall assessment of reliability 
Macedo et al. 
2008 
Calculations for production of ethanol 
from sugarcane in the Centre-South 
region of Brazil, average performance 
scenarios for 2005/06 and projections 
for 2020 
GHG emissions credits applied for 
production displaced by co-products; 
includes emissions from production and 
maintenance of capital plant 
IPCC 2006 guideline default values and 
ranges used for soil N2O emissions; land 
use change not considered 
High reliability of inventory data, derived from 
monitoring many sugarcane-to-ethanol production 
pathways in Brazil's Centre-South region; 
significant uncertainties associated with soil N2O 
emissions, land-use change and efficiency 
comparisons between cars running on ethanol and 
petrol 
Elsayed et al. 
2003 
Calculations carried out for, and 
applicable to biofuel production, 
average performance scenarios, in the 
UK in 2002,  
Some co-product emissions accounted 
for by credits, others allocated by price 
Soil N2O emissions assumed proportional 
to N-fertilizer applied, but constant of 
proportionality much lower than IPCC 
recommended value; land-use change not 
considered 
Highly transparent and well referenced study; basis 
for adopting soil N2O emissions factor (sourced 
from a German study) for UK farming unclear; 
rationale for using mix of emissions credits and 
allocation by price unclear; significant uncertainty 
associated with soil N2O emissions and possible 
land use change 
Woods and 
Bauen 2003 
Calculations carried out for, and 
applicable to biofuel production, 
average performance scenarios, in the 
UK in 2004 
No co-product allocation or credits; 
emissions from capital plant excluded 
Approach to soil N2O emissions varied 
depending on the methods used in 
different sources cited; land use change 
not considered 
Because no GHG emissions are assigned to 
individual co-products, the results of this study do 
not conform to the normal assessment goal of 
identifying GHG emissions assignable to the 
biofuel only, and are not immediately comparable 
to results of other GHG assessments. The results 
also carry significant uncertainty associated with 
soil N2O emissions and possible land use change 
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Study/paper 
Precision of biofuel pathway 
specifications and applicability of 
results 
Subjective elements in methodology 
Methods of dealing with main scientific 
uncertainty 
Overall assessment of reliability 
Punter et al. 2004 Calculations carried out for, and 
applicable to wheat-based ethanol 
production, average performance 
scenarios, in the UK in 2004 
GHG emissions credits applied for 
production displaced by co-products; 
emissions from capital plant excluded 
Soil N2O emissions estimated with soils 
chemistry database model using UK-
specific data; land use change not 
considered 
High reliability of inventory data, which were 
arrived at through expert consensus; nevertheless, 
some scenarios modelled, such as wheat feedstock 
grown only on set-aside land, and DDGS displacing 
soya feed, may not represent the most likely reality; 
the use of a soils chemistry model for estimating 
soil N2O emissions provided lower uncertainty than 
the IPCC defaults, but was still associated with 
significant uncertainty 
Farrell et al. 
2006a 
Calculations carried out for, and 
applicable to corn ethanol produced 
in the US, national average 
performance scenarios, in 2006 
GHG emissions credits applied for 
production displaced by co-products; 
includes emissions from production and 
maintenance of capital plant 
IPCC  defaults are used for soil N2O 
emissions, land use change not 
considered because of difficulty in 
estimating 
High reliability of data and high transparency of 
methods; calculation for US average masks 
considerable variation; significant uncertainty 
associated with possible land use change 
Bauen et al. 2008 Calculations carried out for, and 
applicable to biofuel production for 
use in the UK, national average 
performance scenarios, in 2008 
Some co-product emissions accounted 
for by credits, others allocated by price, 
with credits prioritized; emissions from 
capital plant excluded 
IPCC 2006 guideline default values and 
ranges used for soil N2O emissions; direct 
land-use change estimates based on IPCC 
guidelines, indirect land-use change not 
considered 
Reliability dependent on reliability of individual 
studies used as data sources.  The use of different 
co-product allocation methods for different biofuel 
pathways reduces the reliability of comparisons 
between those pathways as measures of relative 
impact 
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3.3 Conclusions 
The large number of biofuel GHG assessments carried out over recent years has extended the 
base of knowledge available for understanding the GHG impacts of different biofuels. Yet, there 
remain areas of significant uncertainty and issues of methodology-based variability to be 
resolved. There is a need for increased and improved standardisation in the field of biofuel GHG 
assessments. Transparency of these assessments is essential if they are to be truly reliable tools 
for science and policy.  
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Chapter 4  
The Biofuels Greenhouse Gas Calculator – an assessment and 
sensitivity analysis tool
This chapter describes the design and functionality of a software tool developed by the author 
for assessing biofuel GHG emissions and investigating the sensitivity of results to different data 
and methodological choices. The underlying calculation principles and mode of use of the 
calculator are described. An example of its use to replicate results from a previous peer-
reviewed biofuel GHG assessment is presented. This example calculation, which was carried 
out as part of the testing and validation of the tool, will serve as the basis for illustrations and 
analyses of calculation variability and uncertainty in Chapter 5. 
4.1 Calculator purpose, features and role in this research 
The Biofuels GHG Calculator is a spreadsheet-based tool for calculating the GHG emissions 
attributable to the production and use of specified transport biofuels. The Calculator is designed 
to be an easy-to-use and methodologically transparent tool, both for quantifying the GHG 
emissions associated with various biofuel options and for investigating the impacts of the data 
and methodological choices that are usually involved in these calculations. It is implemented as 
a Microsoft Excel5 workbook, customised for biofuel GHG calculations and related sensitivity 
analyses with code written in Visual Basic for Applications (VBA).  
The Biofuels Greenhouse Gas Calculator shares some user interface and results display features 
with a related biofuels GHG calculation tool previously created by the author for the UK Home 
Grown Cereals Authority (HGCA), but is a completely new tool designed and developed 
specifically for this research. The earlier calculator, developed in 2005 and upgraded in 2007, 
was a comparatively basic calculation tool with the more narrowly defined purpose of 
calculating life cycle GHG emissions from wheat-based ethanol and rapeseed methyl ester 
(RME) produced in the UK, using a fixed calculation methodology and predefined underlying 
GHG emissions factors. It has been made available to UK farmers to help them investigate how 
different farming practices may affect the GHG emissions from ethanol or RME made from 
their crops. A web version is available at http://www.hgca.com/biofuelcalc/StartSheet.aspx.  
The Biofuels Greenhouse Gas Calculator developed for this research is a versatile calculation 
and analysis tool that is suitable for carrying out biofuel GHG assessments using user-specified 
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 Microsoft Excel 2007 and later versions 
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methodological options and underlying factors, and for investigating the calculation variabilities 
and uncertainties explored in this thesis. To produce a tool capable of carrying out biofuel GHG 
calculations with optimum reliability, both today based on current knowledge and modelling 
capabilities, and in the future based on new advances in knowledge and methods, the 
developments of the Calculator structure and functionalities were dictated by the fundamental 
methodological requirements for GHG assessment reliability discussed in Chapter 2. That is, the 
Biofuels GHG Calculator is designed with readily modifiable and extensible capability for 
precise specification of fuel pathways, comprehensive accounting for GHG emissions 
associated with those pathways, quantification of baseline emissions, assignment of GHG 
emissions among co-products, and expression of calculation results using function-based 
reference units. 
The main features of the Biofuels Greenhouse Gas Calculator are listed below: 
 Pathway models for ethanol from different cereal grain feedstock (wheat, barley, rye, 
and triticale) and fatty acid methyl ester (FAME) from oilseeds (rapeseed in current 
version, additional oilseeds planned for future updates). 
 A modular structure, with each biofuel pathway model composed of a set of linked 
calculation modules, each representing a process along the chain of production and use 
of that biofuel. 
 Ready extensibility for accommodating additional biofuel pathways or alternative 
versions of existing pathways via the addition of new modules as separate worksheets. 
 Complete user access and ability to change all process parameters and underlying 
factors in the calculations. 
 Inclusion of an extensive database of referenced values for typical input data and 
underlying calculation factors. The database not only identifies published references for 
relevant data and information, but traces these back to their original sources where 
possible. 
 Fuel pathway descriptions that include locations of feedstock production, fuel 
production and fuel use, with referenced default GHG emissions factors for fuels and 
electricity at these locations. 
 Options for inclusion or exclusion of GHG emissions from production and maintenance 
of capital plant and machinery in the calculations. 
 Options for quantification of baseline GHG emissions from fields in absence of biofuel 
feedstock production 
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 Inclusion of non-CO2 GHG emissions from biofuel combustion, and from combustion 
of the fossil fuels they replace.  
 The option of accounting for different energy efficiencies of transport vehicles fuelled 
with a biofuel compared with the same or equivalent vehicles fuelled with a fossil fuel. 
 Options for accounting for co-product emissions via alternative methods – by 
substitution credits, or by allocation on the basis or relative economic values or relative 
energy contents. 
 Options for use of alternative global warming potentials (GWPs), including selection of 
any of the previously published IPCC values, or custom values. This functionality 
facilitates investigations of calculation sensitivities to different GWPs and time 
horizons, replication of earlier assessments that used older GWP values, and adaptation 
of calculation to future updates to GWPs or other equivalence values. 
 Detailed tables and charts of calculation results, showing contributions of different 
processes to the pathway total, and with options for expressing the results in alternative 
units. 
 Detailed calculations sheets, showing how results are derived, with all calculation 
formulae accessible. 
 Feedstock production sensitivity analysis modules, with options for rapid comparisons 
of the effects of different feedstock production parameters (such as N-fertilizer input, 
crop yields and N-fertilizer production emissions factors) on total pathway GHG 
emissions results. 
 Price allocation sensitivity analysis modules, allowing for rapid comparisons of the 
effects of alternative co-product price combinations on total pathway GHG emissions 
results. 
 Ready extensibility for inclusion of simple dynamic (time-varying) models of biofuels 
pathways, via addition of relevant variables to the sensitivity analysis modules. 
The Calculator does not include a model of GHG emissions associated with land use change. 
Simple land use change emission factors, in kg CO2eq/ha/year, can be included in calculations 
with the current version of the calculator; more sophisticated models of land use change can be 
incorporated into the Calculator via additional modules.  
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Figure 4-1: Biofuels Greenhouse Gas Calculator start page 
 
Results of the application of the Calculator in analyses of assessment reliability are provided in 
Chapter 5 and the use of the Calculator in carrying out new GHG assessments is described in 
Chapter 6. The remainder of this chapter provides more details of the principles and 
functionality of the Calculator.  
4.2 Calculation Principles 
The Biofuels Greenhouse Gas Calculator models the material and energy flows of biofuel life 
cycles in order to identify and account for the anthropogenic GHG emissions associated with 
those flows. Biofuel life cycles are represented in the Calculator as series of modules, each 
module representing a process in the chain of processes that generate, transform, deliver and 
finally combust the carbon compounds that constitute a biofuel. For example, the life cycle of 
grain-based ethanol is represented as a chain of modules representing grain farming, grain 
drying, grain transport, ethanol production, ethanol distribution and ethanol combustion (Figure 
4-2).  
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The set of processes that produce, deliver and utilize the molecules of a biofuel (such as that 
illustrated in Figure 4-2) does not represent the full set of GHG-producing processes attributable 
to that biofuel’s life cycle. As noted in Chapter 2, a complete accounting of the GHG emissions 
impacts of a biofuel life cycle needs to consider all anthropogenic GHG emissions, surplus to 
otherwise normally occurring levels, that are required for or result from the realization of the 
biofuel life cycle.  It follows that full life cycle calculations also need to account for 
anthropogenic GHG emissions from processes involved in the manufacture or delivery of inputs 
to the biofuel process modules and from processes further upstream in the life cycles of those 
inputs, so that all inputs to the complete system being assessed are elementary flows of raw 
materials direct from the natural environment. Similarly, the calculations need to account for 
both direct GHG emissions from the assessed processes and GHG emissions that result from 
transformations in the natural environment of emissions from assessed processes to the land or 
to water bodies. The input and output flow data of biofuel process modules in the Calculator are 
therefore combined with user-specified GHG emissions factors that account for embodied GHG 
emissions in inputs and subsequent GHG emissions from outputs. The Biofuels GHG Calculator 
thereby produces representations of biofuel-attributable systems, encompassing all 
anthropogenic GHG-producing processes identified as being attributable to the production and 
use of the specified biofuels. The Calculator does not employ a full consequential approach, and 
therefore does not consider the effects of the realization of the biofuel life cycle on total demand 
for the products or functions provided by the biofuel life cycle. It simply compares the 
emissions from the production and use of a quantity of a specified biofuel with those from 
production and use of an equivalent quantity of fossil fuel displaced by the biofuel. 
The basic calculation method can be summarized as: 
1. Data and information describing the input and output flows of the process modules 
constituting the selected biofuel pathway are collected. 
2. The input and output flows of each process are normalised to indicate the quantities 
involved in production and use of a unit quantity of the biofuel. 
Grain 
farming 
Grain 
drying 
Grain 
transport 
Ethanol 
production 
Ethanol 
distribution 
Ethanol 
combustion 
Figure 4-2: Process modules representing life cycle of grain-based ethanol in the Biofuels 
Greenhouse Gas Calculator 
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3. User-specified GHG emissions factors are used to calculate the anthropogenic GHG 
emissions associated with the input and output flows of the normalised process 
modules. 
4. User-specified co-product accounting methods are used to calculate the quantities of 
GHG emissions from the normalised process modules that are attributable to the biofuel 
life cycle and not to other co-products of the process modules. 
5. The biofuel-attributable GHG emissions from the normalised process modules are 
summed to produce the fuel cycle total. 
Each process module in the Calculator includes a data input sheet via which the user enters 
material and energy flow data for that process or descriptions from which such data can be 
derived. The flow data collected on the input sheets are not complete mass and energy balances; 
the flows quantified are only those that represent direct or indirect emissions of greenhouse 
gases, or generation of useful products to which GHG emissions may be attributed.  
The biofuel pathway representations in the Calculator are linear models, with the ratio of any 
two flows of material or energy in any pathway assumed to be fixed as specified, so that the 
quantity of GHG emissions from any process or complete pathway is directly proportional to 
the amount of product output from that process or pathway. For any biofuel life cycle analysed, 
the range of scales over which this linearity assumption can be considered valid dictates the 
range of scales for which the calculation results can be considered applicable. The models are 
also static, representing the pathway relationships and impacts at a specific time, although the 
Calculator does allow for the inclusion of dynamic models through the use and extension of the 
included sensitivity analysis modules. 
Process flow inputs and outputs are entered into the Calculator as quantities associated with unit 
measures of process, such as kilograms of fertilizer applied in feedstock crop production per 
hectare cultivated, and kilowatt-hours of electricity used per tonne of dried output in grain 
drying processes. The full life cycle inventory calculations are all carried out for a standard 
reference quantity of 1 tonne of biofuel produced and used. Each process module of the biofuel 
life cycle is therefore normalised to the scale associated with producing the quantity of its 
primary output, known as a reference flow, required for production, delivery or utilisation of 1 
tonne of biofuel. Normalised input and output quantities are then multiplied by GHG emissions 
factors to give the GHG emissions concomitant with production and use of 1 tonne of biofuel. 
Life cycle GHG emissions totals calculated for a unit mass or unit volume of biofuel are 
appropriate for comparing the GHG impacts of alternative options for producing the same 
biofuel, and the Calculator gives calculation results in total kilograms of carbon dioxide-
equivalent (kgCO2eq) emissions per tonne and per litre of biofuel produced and used. However, 
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it is also important to compare emissions from specified biofuels with those from other fuels 
that provide the same function, especially fossil fuels, and equal masses or volumes of different 
fuels are not usually functionally equivalent. It is standard practice in life cycle calculations to 
express results per unit of product function, known as a functional unit, rather than per unit 
quantity of product. This facilitates appropriate comparisons between alternative products which 
provide different levels of the same useful function per unit quantity of product. The function of 
a transport fuel is to provide energy for operation of transport vehicles. It follows that an 
appropriate functional unit for assessments of transport fuel life cycles would be a unit of 
vehicle operational energy derived from the fuel. The amount of energy derived from a vehicle 
fuel and used to drive vehicle operation depends on the efficiency of the mechanism, usually an 
internal combustion engine, for converting the chemical energy of the fuel to mechanical energy 
of the vehicle. Vehicle energy efficiency depends on engine and vehicle design, condition and 
operating characteristics, and therefore varies between individual vehicles as well as between 
different operating instances for any vehicle
6
. In general, accounting for the different supply 
chains that contribute to the production of a single batch of fuel is much simpler than 
accounting for the multitude of vehicle characteristics that might complete the life cycle of that 
batch. Specification of fuel efficiency in a single vehicle or in a model representation of a 
vehicle class or fleet is required if a functional unit is to be a measure of utilized output of 
vehicle fuel combustion. However, the amounts of fuel energy exploited by particular vehicles 
(for both locomotion and other purposes) are not commonly measured or estimated quantities, 
and are unlikely to be readily available data for input to the Calculator. Several fuel pathway 
assessments use a unit of travel distance as the functional unit (see for example, Argonne 
National Laboratory et al 2001, L-B Systemtechnik GmbH 2002a, Edwards et al 2007a, 
described in Chapter 3), on the basis that the energy derived from the fuel in a motor vehicle is 
used principally for propelling the vehicle over distance (some of this energy is also used to 
power a number of safety, comfort and convenience functions in a typical vehicle).The Biofuels 
GHG Calculator does not express results with direct reference to a functional unit of travel 
distance (this option is planned for future versions). Instead, results are calculated for quantities 
of biofuel that provide equal travel distances to those provided by unit quantities of the fossil 
fuels for which they are usually substituted. The appropriate quantities of biofuel are calculated 
using average values for the percentage difference in fuel energy consumption rates, measured 
in megajoules per kilometre, between a vehicle running on the biofuel and that same vehicle or 
a specified equivalent running on the fossil fuel.  Results of calculations for ethanol pathways 
                                                     
6
For example, the 1,489 models of Euro IV-rated new petrol cars available for sale in the UK in May 2010 
had standard fuel consumption ratings covering the range from 4.3 to 21.5 litres per 100 km, while their 
rated fuel consumption values for the urban drive cycle were on average 1.8 times those for the extra-
urban drive cycle (based on data from Vehicle Certification Agency (2010)). 
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are expressed per petrol-equivalent litre, where a petrol-equivalent litre of ethanol is defined as 
that volume of ethanol that propels a vehicle the same distance as 1 litre of petrol would propel 
the same or an equivalent vehicle under identical operating conditions. Similarly, results for 
FAME pathway calculations are expressed per diesel-equivalent litre, where a diesel-equivalent 
litre of FAME is defined as that volume of FAME that propels a vehicle the same distance as 1 
litre of petroleum diesel would propel the same or an equivalent vehicle under identical 
operating conditions. This approach to specifying fuel cycle calculation results allows 
immediately meaningful comparisons between emissions from functionally equivalent 
quantities of biofuels and fossil fuels, without explicitly requiring vehicle fuel consumption 
data
7
. The calculated GHG emissions values in kgCO2eq per petrol-equivalent litre and 
kgCO2eq per diesel-equivalent litre are compared with life cycle GHG emissions for 1 litre of 
petrol and 1 litre diesel respectively in order to determine the percentage emissions savings 
achieved by producing and using ethanol and FAME instead of functionally equivalent 
quantities of petrol and diesel. 
When vehicle energy efficiency is known or assumed to be independent of the choice of fuel 
between a biofuel and its fossil alternative, unit fuel energy content is also an appropriate proxy 
for useful functional output of the fuel pathways. The Calculator therefore also provides results 
in units of kgCO2eq per gigajoule of fuel (lower heating value (LHV)) produced and burnt. A 
number of existing studies use this unit (for example, Punter et al 2004, Mortimer and Elsayed 
2006, Elsayed et al 2003).  
Practical applications of these principles using vehicle and fuel data to determine appropriate 
functional units are discussed further in Chapter 6, which describes bioethanol GHG assessment 
case studies.  
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 Consider the calculation for the volume of ethanol that constitutes a petrol-equivalent litre. 1 litre of 
petrol would propel a vehicle a distance in kilometres equal to the energy density of petrol Εp, in MJ/l, 
divided by the specific fuel energy consumption cp, in MJ/km, of the vehicle burning petrol. The 
volume of ethanol that would propel the same vehicle (assuming it can use either fuel) this distance is 
equal to the distance in kilometres multiplied by the specific fuel energy consumption ce of the vehicle 
when burning ethanol, in MJ/km, divided by the energy density Εe of ethanol in MJ/l. A petrol 
equivalent litre is therefore equal to Εp/cp ∙ ce/Εe. 
Specifying the percentage reduction in specific fuel energy consumption on ethanol versus petrol, Rep 
= (cp- ce)/ cp*100, gives ce/cp = 1-Rep/100. Thus, 1 petrol-equivalent litre of ethanol has a volume of Εp 
/ Εe ∙ (1-Rep)/100; if a value for Rep is specified (this is typically an average from tests on a number of 
vehicles, or is otherwise assumed to be zero), the volume of a petrol-equivalent litre can be calculated 
without specific fuel consumption data. 
 
Chapter 4: The Biofuels Greenhouse Gas Calculator 
 
106 
 
4.3 Calculation Procedures 
The Calculator implements biofuel GHG emissions calculations through a sequence of 
interactive pages that first compiles user specifications of the biofuel and the processes in its life 
cycle, then accepts selections of  the system boundaries, allocation procedures and underlying 
factors for use in the GHG emissions calculations, and finally applies all these in standardized 
calculation tables. The tables multiply process flows by emissions factors and compute the 
emissions totals for 1 tonne, 1 litre, 1 petrol-equivalent litre or diesel-equivalent litre and 1 
gigajoule of the biofuel. The results pages provide life cycle summaries and breakdowns of 
calculated totals, and sensitivity analysis pages allow for rapid assessment of the impacts of 
specific changes in the pathway specifications on the calculated totals. 
This section demonstrates the use of the Calculator for pathway calculations and sensitivity 
analyses. Screenshots from a GHG assessment of a wheat-to-ethanol pathway are used to 
illustrate the Calculator sheets that collect pathway data, display results, show calculations and 
manage sensitivity analyses. 
4.3.1 Feedstock production 
Once the biofuel and feedstock have been specified and the supply chain locations have been 
identified on the Calculator start page (see Figure 4-1), the next page in the assessment sequence 
is the feedstock production page. This records quantities of GHG-relevant inputs and outputs, 
including co-products that may share the attribution of GHG emissions from feedstock 
production between them. For feedstock produced by conventional agricultural means, inputs 
include fertilizers, fuels, pesticides and seed material (Figure 4-3).  
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Figure 4-3: Biofuels Greenhouse Gas Calculator feedstock production page for wheat-
based ethanol pathway 
This page also identifies the destination of co-products. This is important information, since a 
particular co-product from feedstock production may or may not attract some attribution for 
emissions from feedstock production depending on its ultimate use. For example, straw co-
product of wheat feedstock production may be used for fuel in the ethanol production plant, in 
which case it is an intermediate product in ethanol production and therefore does not need to be 
separately assigned any of the GHG emissions, or it could be exported for other uses, in which 
case it would be treated as a separate end product with emissions impacts separate from those of 
the biofuel (Figure 4-4).  
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Figure 4-4: Biofuels Greenhouse Gas Calculator feedstock production page for wheat-
based ethanol pathway, with destination of straw co-product being specified 
4.3.2 Feedstock drying and storage 
Fuel and electricity requirements for drying and storage of feedstock are specified on this page. 
Moisture contents before and after drying are required for calculation of the material flow 
quantities linking the drying process with the preceding and succeeding processes. 
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Figure 4-5: Grain drying page 
4.3.3 Feedstock transport 
The feedstock transport pages accommodate specifications for feedstock transport to processing 
in up to three separate stages, each from a choice of four transport modes – road, rail, coastal 
shipping and ocean-going vessel. 
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Figure 4-6: Biofuels Greenhouse Gas Calculator grain transport page 
4.3.4 Biofuel production 
The biofuel production page accepts specification of heat and electricity requirements and for 
any of multiple options for supplying these. For wheat-based ethanol, all the energy supply 
models from the LowCVP study (see Table 3-10) have been incorporated into the calculation 
module, with the additional option for specification of a custom energy supply based on a user-
specified custom fuel. Other process inputs, co-product yields and co-product destinations are 
also entered on this page. 
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Figure 4-7: Biofuels Greenhouse Gas Calculator ethanol production page 
4.3.5 Biofuel distribution 
Like the feedstock transport pages, the biofuel distribution pages accommodate transport 
specifications in up to three separate stages, each from a choice of four transport modes – road, 
rail, coastal shipping and ocean-going vessel. 
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Figure 4-8: Biofuels Greenhouse Gas Calculator ethanol distribution page 
4.3.6 Calculation Setup page 
Once the main fuel pathway has been specified from feedstock production to manufactured fuel 
distribution, the user selects or enters values in the Calculations Setup page (Figure 4-9) to 
specify the underlying factors and methodological approach to be used in the GHG calculations 
for the specified fuel pathway. Details of the fuel combustion stage of the pathway are also 
entered at this stage (direct methane and nitrous oxide emissions factors and energy efficiency 
changes compared with the fossil fuel equivalent). This interactive page automatically calculates 
CO2-equivalent emissions factors for inputs after entry of individual CO2, CH4 and N2O 
emissions factors for any choice of global warming potentials. Current and previous IPCC 
global warming potentials (for 20, 100 and 500-year time horizons) can be selected – this 
facilitates replication of calculation from previous GHG studies. 
Rates of N2O emissions from agricultural fields can be specified directly, or calculated as linear 
functions of the quantity of nitrogen fertilizer applied, using user-specified emission factors or 
IPCC defaults. The assumption of a linear relationship between soil N2O emissions and nitrogen 
fertilizer application is a common simplification in GHG assessments, used in the absence of 
more precise models (for example, by Argonne National Laboratory et al (2001), Wang (2001), 
L-B Systemtechnik GmbH (2002a), Elsayed et al (2003), Brinkman et al (2005), Farrell et al 
(2006a), Macedo et al (2008) and Woods and Bauen (2008)), and usually based on the IPCC 
Tier 1 methodology specified in the Guidelines for National Greenhouse Gas Inventories (IPCC 
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2006). This simplification is a crude one – not only is the relationship between N2O emissions 
and N-fertilizer application rate likely to be non-linear for any given crop production scenario 
(McSwiney and Robertson 2005; Grant et al 2006; Kindred et al 2008; Van Groenigen et al 
2010), its dependence on a wide range of variables such as soil properties, crop type, weather, 
fertilizer type and agronomic management means that generic emissions factors specified 
without reference to specific values for these variables  are associated with very wide 
uncertainty ranges. Thus, as indicated in Table 3-14, the IPCC default emission factor (for direct 
plus indirect emissions) of 0.013 kgN2O-N/kg N-fertilizer has an uncertainty range of 0.003 to 
0.065 kgN2O-N/kg N-fertilizer applied. More accurate N2O emissions values require site-
specific measurements or models, with results entered directly in the Calculator.  Nevertheless, 
the IPCC defaults are often the only estimates available for many assessments, so the Calculator 
includes this option. An N2O emissions rate for reference land use can also be specified in the 
Calculator. 
Chapter 4: The Biofuels Greenhouse Gas Calculator 
 
114 
 
 
Figure 4-9: Biofuels Greenhouse Gas Calculator calculation setup page 
Different system boundary options are also selected on this page. The user can decide whether 
to include credits for an agricultural reference system, and whether to include emissions from 
construction and maintenance of farming machinery (Figure 4-10) and industrial plant. 
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Figure 4-10: Options for inclusion of fallow set-aside reference system and emissions 
from farm machinery construction and maintenance in Biofuels Greenhouse Gas 
Calculator 
Emissions from co-products can be accounted for by allocation on the basis of relative 
economic value or relative energy contents of co-products, or by assigning credits for avoided 
emissions from products displaced (Figure 4-11). 
 
Figure 4-11: Options for accounting for co-products in Biofuels Greenhouse Gas 
Calculator 
4.3.7 Reference database 
Every data input page in the Calculator allows access to a Reference Database (Figure 4-12) that 
the user can consult to view referenced values for the different process characteristics that need 
to be specified to describe the biofuel pathways being assessed. The values are provided for 
guidance and the user may choose to use values from the database or any other values as 
appropriate. The Reference Database contains over 1000 items of referenced data (and will 
continue to be updated) covering all stages of the biofuel pathways and all categories of 
underlying factors (such as global warming potentials and emissions factors for fertilizers, fuels 
and chemicals). The data were derived from reviews of peer-reviewed literature, various 
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national and international statistics publications and other sources considered to be transparent 
and well referenced. Where available, the sources cited by the references are also given. 
Multiple options are provided for several of the factors, and any significant methodological and 
other differences between alternatives are highlighted. 
 
Figure 4-12: Biofuels Greenhouse Calculator Reference Database 
4.3.8 Results page 
The Results page summarizes the stages the biofuel life cycle and shows the calculated 
emissions totals for each stage (Figure 4-13). The full-cycle total GHG emissions value is 
presented along with a calculated percentage emissions reduction in comparison with the fossil 
fuel that the biofuel usually substitutes (petrol in the case of ethanol, diesel in the case of 
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FAME). This percentage reduction is based on a functional comparison, calculated by 
comparing the emissions per petrol-equivalent litre of ethanol with the emissions per litre of 
petrol, or comparing the emissions per diesel-equivalent litre of FAME with the emissions per 
litre diesel.  
 
Figure 4-13: Biofuels Greenhouse Gas Calculator results page table 
Results are also presented in charts (Figure 4-14). The results given in both the tables and charts 
can be presented in alternative units – kgCO2-eq per tonne, litre, petrol-equivalent litre (in the 
case of petrol) or gigajoules. 
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Figure 4-14: Biofuels Greenhouse Gas Calculator results page chart 
4.3.9 Calculations page 
The detailed workings of the calculations are available to the user via the Calculations page 
(Figure 4-15). The calculations for all life cycle stages are shown in tables on Microsoft Excel 
spreadsheets, and the cell formulae are accessible to the user. 
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Figure 4-15: Biofuels Greenhouse Gas Calculator calculations page 
4.3.10 Sensitivity Analysis page 
The calculator features a Sensitivity Analysis page that allows for rapid examination of the 
effects of changes to different pathway characteristics or underlying parameters on calculation 
totals. For example, the feedstock production sensitivity module can be used to investigate the 
effects of various changes to feedstock production parameters on biofuel life cycle GHG 
emissions totals (Figure 4-16).       
Chapter 4: The Biofuels Greenhouse Gas Calculator 
 
120 
 
 
Figure 4-16: Biofuels Greenhouse Gas Calculator feedstock parameter sensitivity page 
For calculations with emissions allocated by price, a price allocation sensitivity module allows 
the effects of large numbers of price variations on emissions totals to be readily observed. 
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4.4 Calculator Use Example 
As part of the process of testing and validating the Biofuels Greenhouse Gas Calculator, biofuel 
pathway GHG calculations from several peer-reviewed biofuel GHG assessments were 
replicated with the Calculator. The capability for ready replication of the calculations of existing 
studies is useful for elucidating the impacts of specific methodological options and data on the 
results of those studies and facilitating fair comparisons between different studies. Details of 
one of those replication calculations, that for a wheat-to-ethanol pathway from the LowCVP 
bioethanol study (Punter et al. 2004) reviewed in section 3.1.8, are described here, as this 
pathway will serve as the basis for several analyses in the following chapter. Figure 4-17, Figure 
4-18, and Figure 4-19 show the results page from this calculation. This pathway was listed as 
LowCVP pathway 3 in Table 3-10, with energy supplied by CHP from a natural gas boiler and 
steam turbine, with surplus electricity exported to the grid and with DDGS used for animal feed 
(displacing soya). The specific data, methods and underlying factors used in that study were 
applied in the Calculator, and the calculation results compared. The GHG Calculator results are 
shown alongside the results reported by Punter et al in Table 4-1. The Biofuels Greenhouse Gas 
Calculator replicated the results of the LowCVP study to within 0.1%. The minor differences 
between the results of the two calculations appear to be due to rounding differences at different 
stages in the calculations.  
 
Figure 4-17: Results page summary for calculations for LowCVP ethanol pathway 3 (see 
Table 3.10) 
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Figure 4-18: Results page summary for calculations for LowCVP ethanol pathway 3 
(cont'd) 
 
Figure 4-19: Results page summary for calculations for LowCVP ethanol pathway 3 
(cont'd) 
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Table 4-1: Comparison of LowCVP results for ethanol pathway 3 with those calculated 
with the Biofuels Greenhouse Gas Calculator 
 
GHG emissions (kgCO2eq/t ethanol) 
Punter et al, 2004 Biofuels GHG Calculator 
Farming 1359 1360 
Transport and drying 208 208 
Manufacture 874 876 
Distribution 13 13 
Credits -636 -635 
Net  1819 1821 
 % GHG avoided vs. petrol 20.6% 20.5% 
4.5 Conclusions 
The Biofuels GHG Calculator, developed as part of this research, is a powerful GHG 
assessment tool with an extensive referenced database and considerable methodological 
flexibility. It is particularly useful for investigating the effects of data and methodological 
choices on full cycle GHG emissions of biofuels. Such investigations are the subject of the next 
chapter.
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Chapter 5  
Investigating variability and uncertainties
This chapter explores the three main areas of GHG assessment variability and uncertainty 
identified in chapter 1. It investigates the impacts of specific sources of variability in biofuel life 
cycles, and, using the Biofuels Greenhouse Gas Calculator, estimates the significance of these 
to life cycle GHG calculation results. It similarly assesses the effects of alternative system 
boundary and co-product allocation options on biofuel GHG calculations, and investigates how 
these may change over time. Finally, the significance of uncertainty about nitrous oxide 
emissions from soils is considered, using real examples in the Biofuels GHG Calculator. 
5.1 Supply chain variability 
A description of an ethanol fuel as “US corn ethanol” or “European wheat ethanol” can 
encompass such a wide span of variability in terms of GHG emissions that it would be 
extremely difficult to infer much about the GHG emissions profile of individual batches of fuel 
based on a description given at such a broad level. The following example illustrates this point. 
The review of the LowCVP study in section 3.1.8 noted that N2O emissions accounted for 
between 17% and 38% of total life cycle GHG emissions for the 12 separate wheat-to-ethanol 
life cycles analysed. N2O emissions from soils were driven largely by nitrogen fertilizer 
applications. Nitrogen fertilizer production emissions also constituted large fractions of the total 
N2O and total GHG emissions from those ethanol life cycles. It follows that wheat-to-ethanol 
supply chains that differ significantly in the ratio of wheat grain produced to N-fertilizer applied 
are also likely to differ significantly in total GHG emissions per unit of ethanol produced from 
the grain. Figure 5-1 plots average wheat grain yield against nitrogen fertilizer application rates 
for 17 European countries.  These data are compiled from the FAO Fertistat database (Food and 
Agriculture Organization of the United Nations 2008a) for the year 2000. This database also 
provides average P and K fertilizer usage. These fertilizer usage and grain yield data were 
applied in the Biofuels Greenhouse Gas Calculator for the LowCVP pathway 3 (see Table 3-10) 
and analysed with the sensitivity analysis function. The resulting life cycle GHG emissions 
were as shown in Figure 5-2. 
The variant of LowCVP pathway 3 with France-average wheat yield and N-fertilizer rate – 7.1 t 
wheat per hectare and 80 kg N-fertilizer/ha – had GHG emissions of 10.8 kg CO2eq/GJ ethanol. 
In contrast, using the Portugal-average values of 1.6 t/ha wheat yield and 80 kg/ha N-fertilizer 
usage led to pathway GHG emissions of 112.5 kg CO2eq/GJ ethanol. GHG emissions from the 
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other 15 pathway variants fell between these two extremes. The large differences in GHG 
emissions between these example pathways based on national average farming data for different 
European countries highlight the large variabilities that can be hidden behind GHG emissions 
estimates at the European level or for other large spatial, temporal or technological spans. 
Indeed, there are likely to be widely varying farm-level grain yields and fertilizer application 
rates behind the reported country-level average values used in this example, with consequent 
high variability in GHG emissions from associated ethanol supply chains. Imprecise 
descriptions of supply chain processes can lead to large inaccuracies in GHG assessments of 
ethanol and other biofuels.  
 
Figure 5-1: Variation in wheat grain yield to N-fertilizer for different European countries 
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Figure 5-2: Calculated life cycle GHG emissions for wheat-based ethanol specified by 
LowCVP pathway 3 (Table 3-10) but with wheat yields and fertilizer application rates as 
indicated in Figure 5-1. 
5.2 Subjective elements in methodology 
This section considers the effects of subjective factors in GHG assessment methodology. As in 
section 5.1 above, the LowCVP wheat-to-ethanol pathway 3 reviewed in section 3.1.8 is used to 
illustrate the effects of different factors on the GHG assessment results for a typical biofuel 
pathway described in the literature. By maintaining all the physical characteristics of LowCVP 
pathway 3 constant while changing different subjective elements in the calculation 
methodology, the nature and significance of the effects of those changes on calculation totals 
are exposed. 
5.2.1 Inclusion of GHG emissions from production and maintenance of capital plant 
GHG emissions from production and maintenance of capital plant – buildings, machinery and 
equipment – used for carrying out the processes constituting biofuel pathways are attributable to 
those pathways and their products in attributional assessments and also in consequential 
assessments if capital additions are necessary for the studied changes. However, capital plant 
emissions are often excluded from GHG assessments for practical reasons. Reliable data on 
emissions from production and maintenance of capital plant are often not readily available, but 
these capital plant emissions are usually assumed to constitute very small proportions of full 
pathway emissions, so their exclusion from GHG assessments is generally taken as a useful 
simplification that does not significantly affect calculation results. It is important to verify the 
validity of such assumptions, and where capital plant GHG emissions data can be found or 
derived, it is useful to calculate the significance of these emissions to pathway totals. 
The GHG assessments of the LowCVP study (Punter et al. 2004) excluded emissions from 
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production and maintenance of capital plant required for realization of the processes of the 
ethanol pathways. Relevant data on capital plant emissions were sought in order to assess the 
effects of including such emissions on the fuel cycle calculations for LowCVP pathway 3. 
Literature searches found little relevant information or data. The LCA Food Database (a Danish 
online database with LCA data for food production, linked to the SimaPro LCA software) gives 
a crude estimate for GHG emissions from production and disposal of farming equipment 
(Nielsen et al. 2007). Based on a finding that energy use in farming operations constitutes 
approximately 85% of the total life cycle energy use of farming equipment, LCA Food assumes 
that GHG emissions from production and disposal of farming equipment constitute 15% of total 
life cycle GHG emissions, with the remaining 85% of emissions coming from diesel fuel 
combustion. No distinction is made between farming of different crops. Mortimer and Elsayed 
(2006) provide an estimate for GHG emissions from construction and maintenance of 
equipment for oilseed rape farming, with emissions calculated according to the number of hours 
of equipment usage required for different farming operations. Nix (2006) estimates tractor hours 
for farming cereals and oilseed rape to be the same, so the Mortimer and Elsayed (2006) 
equipment emissions estimate for rapeseed farming was taken as an estimate for wheat farming 
as well. This value equates to 31.1 kg CO2eq/ha, compared with a value of 65.5 kg CO2eq/ha 
derived from the LCA Food Database.  Ethanol plant production and maintenance emissions 
were derived from costs-based estimates in Mortimer et al (2004) and indicative costs estimates 
from Punter et al (2004). The results of including the farming and ethanol production capital 
equipment emissions in the GHG calculations for LowCVP pathway 3 are shown in Table 5-1. 
Inclusion of capital equipment emissions from these two stages of the fuel pathway increased 
the pathway emissions total by 2.7% using the farm equipment data from Mortimer and Elsayed 
(2006), and 3.5% using the farm equipment data from the LCA Food Database. 
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Table 5-1: Effects of including emissions from construction and maintenance of capital 
plant for farming and ethanol production in calculations for LowCVP pathway 3 
  
Calculated 
GHG emissions 
for pathway, 
excluding 
capital plant 
emissions 
(kgCO2eq/t 
ethanol) 
Calculated GHG emissions for 
pathway, including capital plant 
emissions for farming and 
ethanol production 
(kgCO2eq/t ethanol) 
Percent increase in calculated 
GHG emissions as a result of 
including capital plant 
emissions 
Farm 
equipment 
data based on 
Nielsen et al 
(2007) 
Farm 
equipment 
data based on 
Mortimer and 
Elsayed (2006)  
Farm 
equipment 
data based on 
Nielsen et al 
(2007) 
Farm 
equipment 
data based on 
Mortimer and 
Elsayed (2006)  
Farming 1360 1374 1388 1.0% 2.1% 
Transport and 
drying 
208 208 208 - - 
Manufacture 876 910 910 3.9% 3.9% 
Distribution 13 13 - - - 
Credits -635 -635 -635 - - 
Net  1821 1870 1884 2.7% 3.5% 
 % GHG 
avoided vs. 
petrol 
20.5% 18.4% 17.8% 
 
 
5.2.2 Alternative allocation options 
The LowCVP pathway 3 was then assessed using alternative allocation options. The original 
pathway calculation assigned substitution credits for co-products. Table 5-2 shows the effects 
on calculations of allocating emissions between co-products on the basis of price and energy 
content. Co-product allocation methods can be seen to have significant impacts on calculation 
results. For allocation by energy content, the impacts were considerable in this case. The 
doubling of calculated savings (without any real characteristic of the pathway changing) 
resulted from the relatively low allocation (55%) of the energy contents of the co-products 
(ethanol, DDGS and electricity) coming from ethanol. In comparison, 80% of the total value of 
the three co-products came from ethanol, so allocation by price assigned 80% of the production 
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emissions to ethanol. 
Table 5-2: Effects of alternative methods of allocating co-products on full cycle GHG 
calculations for LowCVP pathway 3 
  
Calculated GHG 
emissions for pathway 
with substitution credits 
for co-products 
(kgCO2eq/t ethanol) 
Calculated GHG 
emissions for pathway 
with co-product 
allocation by price
a
 
(kgCO2eq/t ethanol) 
Calculated GHG 
emissions for pathway 
with co-product 
allocation by energy 
content
b
 
(kgCO2eq/t ethanol) 
Farming 1360 1092 743 
Transport and drying 208 151 103 
Manufacture 876 703 478 
Distribution 13 13 13 
Credits -635 - - 
Net  1821 1958 1336 
 % GHG avoided vs. 
petrol 
20.5% 14.5% 41.7% 
a
 Price values were: ethanol £494/t, DDGS £80/t, electricity £21/GJ 
b
 Energy contents: ethanol 26.8 MJ/kg, DDGS 18.2 MJ/kg, electricity 1MJ/MJ 
5.2.3 Impact of real price variations with time on calculated GHG emissions from 
ethanol using price allocation 
A further assessment of allocation-dependent variability in GHG assessment results explored 
the effects of time variation of co-product prices on calculated pathway emissions when total 
emissions are allocated between co-products on the basis of co-product value. Using the 
sensitivity analysis function of the Biofuels GHG Calculator, emissions for LowCVP pathway 3 
were calculated using allocation by price, with real market data for the period January 2005 to 
December 2008. Market data were obtained from various sources. Wheat grain and straw prices 
were obtained from the HGCA Market Data Centre (Home Grown Cereals Authority 2010), 
DDGS prices were transcribed from back issues of Farmer’s Weekly magazine (Farmer's 
Weekly 2008) and ethanol prices from back issues of F.O. Lichts World Ethanol and Biofuels 
Report (F.O.Lichts 2008). Electricity prices were from APX-Endex (APX-Endex 2010). 
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Results of the analysis are shown in Figure 5-3. Over the period assessed, the calculated GHG 
savings varied between 16% and 36%. Of course, holding all physical characteristics constant 
for this period may not reflect reality, since some properties of the pathway or underlying 
factors might have changed during that time, but the analysis does serve to show how 
significant changes can be observed in calculated GHG emissions despite the physical pathways 
remaining constant. If market prices are considered to be valid measures of motivation for 
production of different co-products, however, it can be argued that the motivation for producing 
the different co-products changed in the manner reflected by price, and therefore the relative 
responsibilities for causing the pathway emissions would have been as calculated. On the other 
hand, as noted in section 2.5, there are known limitations in the precision with which prices 
reflect relative demand. 
 
Figure 5-3: Calculated life cycle GHG emissions for LowCVP pathway 3 (ethanol from 
wheat) with co-products allocated by price, using real market data for the period January 
2005 to December 2008 
A similar assessment was carried out for an oilseed rape-to-FAME pathway, using price data for 
the period January 2004 to December 2008 (pathway co-products were rape meal, FAME, crude 
glycerine and potassium sulphate). The results of that assessment are shown in Figure 5-4. In 
that case, the GHG emissions savings varied between 24% and 37%. 
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Figure 5-4: Calculated life cycle GHG emissions for biodiesel (FAME) from oilseed rape 
with co-products allocated by price, January 2004 – December 2008 
5.3 Inadequate models and imperfect scientific understanding 
5.3.1 Impacts on direct and indirect nitrous oxide emissions from soils 
Nitrous oxide emissions typically account for large fractions of the calculated life cycle GHG 
emissions from biofuels based on agricultural crops (31% in the case of the LowCVP pathway 
3), but are also associated with large uncertainties (see, for example, Table 3-14). The work of 
Crutzen et al described in section 3.1.11 suggested that N2O emissions from soils might be 
higher than generally assumed previously. Crutzen et al suggested a ratio of 3-5% N2O-N 
emitted per unit mass of N applied, rather than the 1.3% IPCC default. As an illustration of the 
effect of adopting the 3-5% range in biofuel GHG calculations, the results of the wheat-to-
ethanol GHG assessments carried out by the LowCVP and described in Section 3.1.8.1 have 
been recalculated using these higher N2O yields from fertilizer application (the original study 
used a UK-specific factor of 1.5%, derived using the GREASE model). Figure 5-5 shows the 
WTW GHG emissions ranges calculated using the Crutzen N2O emission factors, as well as the 
original LowCVP study results. Using the Crutzen range, the wheat-to-ethanol pathways 
produce GHG emissions that range from 45% reduction to 50% increase relative to petrol. 
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Figure 5-5: Effects of using N2O emissions factors recommended by Crutzen et al as 
yields of N2O from fertilizer application in the LowCVP (Punter 2004) well-to-wheels GHG 
assessment of wheat-to-ethanol pathways 
5.3.2 Impacts on soil and plant carbon releases 
As noted in the review of the Fargione et al and Searchinger et al papers of section 3.1.12, the 
impacts of soil and plant carbon releases resulting from conversion of land to biofuel crop 
production can be considerable, but the models of these impacts are highly uncertain. Such 
releases are noted here under the heading of inadequate models and imperfect scientific 
understanding, to acknowledge the related uncertainties that attach to biofuel GHG assessments. 
However, these emissions are not investigated further in this thesis. They are listed under topics 
for further research. 
5.4 Conclusions 
Genuine variability in some segments of otherwise similar biofuel supply chains can lead to 
large differences in life cycle emissions. Useful descriptions of fuel chains require information 
at the levels of resolution that avoid significant internal variabilities. Methodological 
subjectivity and scientific uncertainty can lead to large variations in calculated GHG emissions 
for the same fuel. Problems related to scientific uncertainty should reduce over time as 
knowledge is improved. Problems related to methodological subjectivity need to be addressed 
with improved methodological standardisation that limits subjectivity in assessments and 
requires even greater transparency. 
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Chapter 6  
Biofuel GHG assessments in practice: the BEST bioethanol 
case studies
6.1 Introduction 
This chapter describes a set of biofuel GHG assessments carried out by the author as part of the 
evaluation of ethanol fuel demonstrations carried out in the Bioethanol for Sustainable 
Transport (BEST) project. The BEST project was a large-scale ethanol fuel and vehicle 
demonstration project that ran from January 2006 to December 2009, based in eight European 
sites and with two additional sites in Brazil and China. The author of this thesis was responsible 
for technical evaluation of the BEST demonstrations. In order to evaluate the GHG emissions 
impacts of substituting bioethanol for petrol in flex-fuel vehicles
8
 (FFVs) in BEST, the author designed a set of studies to assess the life cycle GHG emissions 
from the fuel ethanol on sale in these sites.  These studies included attributional life cycle GHG 
emissions assessments of the existing ethanol pathways that ended in combustion of ethanol in 
FFVs in the sites, and studies to identify any effects of fuel choice on fuel efficiency and 
emissions of non-CO2 greenhouse gases from FFVs.  
The GHG assessments are presented here as case studies to demonstrate the practical 
requirements and challenges involved in producing reliable assessments of the GHG impacts of 
real biofuel pathways. The fuel efficiency studies were designed to provide information to 
support determination of functionally equivalent reference quantities of petrol and ethanol for 
use in comparisons of the life cycle emissions of the two fuels. Similarly, the investigations into 
direct non-CO2 emissions from petrol and ethanol combustion were set up to provide a well 
referenced basis for the treatment of direct GHG emissions in the comparisons of petrol and 
ethanol life cycle GHG emissions. 
6.2 Study approach and methodology 
The GHG assessments in BEST were specified in the project’s Evaluation Plan (developed by 
the author of this thesis) as requirements for verifying whether expected increases in 
substitution of petrol by ethanol fuels in Europe, facilitated by increased sales of flex-fuel 
vehicles, would lead to GHG emissions savings as intended in the project design. Taking into 
                                                     
8
 Flex-fuel vehicles are motor vehicles that are designed to run on petrol or any blend of ethanol and petrol 
up to a maximum ethanol content, typically 85% by volume (this blend is designated E85).  
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consideration the potentially large variations in GHG emissions impacts between different 
pathways for production and use of a biofuel, the evaluation specified that assessments be 
carried out for all fuel ethanol supply chains that could be identified in the European site 
regions. This in turn necessitated data-gathering exercises to identify the ethanol supply chains 
at the sites and to obtain the detailed data and information required for carrying out the GHG 
assessments. Nanyang, China, with a growing and potentially large market for ethanol fuels and 
vehicles, was also included in the data-gathering. Supply chains were identified via surveys sent 
to site representatives within the project, who were requested to collect the information from 
their contacts in the fuel and ethanol industries and related government agencies. A copy of the 
site survey questionnaire is provided in Appendix B. This survey also solicited contact 
information for industry representatives who could provide further supply chain data, and 
information on any previous life cycle GHG studies carried out on the ethanol sold in the 
specific sites.  These industry contacts and previous studies (where available) served as sources 
of supply chain information and data for the site-specific GHG assessments and as links to 
further information sources. For the fuel use stages of the fuel life cycles, it was decided that 
rather than simply adopting the common practice of assuming equal energy efficiencies for 
FFVs running on petrol and on ethanol blends, and of ignoring non-CO2 GHG emissions from 
cars, specific studies would be carried out to ensure that the methods chosen for dealing with 
these factors were based on the best available evidence. The BEST demonstrations provided an 
opportunity for carrying out large-scale fuel use monitoring on FFVs, and for commissioning 
emissions testing on an FFV to add to the very limited data available in the literature on non-
CO2 GHG emissions from vehicles run on ethanol fuels (as noted for example by Lipman and 
Delucchi (2002)). The BEST GHG assessments therefore involved two related studies. The first 
was a vehicle performance study that investigated vehicle fuel efficiency and emissions in order 
to provide a basis for combustion stage calculations in the GHG assessments. The second study 
was a full fuel pathway study that collected data and information specifying the ethanol supply 
chains and then used that data and information along with the results of the vehicle performance 
study to calculate full life cycle emissions for the supply chains identified. 
6.3 Vehicle performance study - efficiency and combustion emissions 
impacts on total fuel cycle GHG emissions 
The vehicle performance study had two components, both intended to improve understanding 
and representation of the technical characteristics of the fuel use stage of the biofuel life cycles 
that were studied in BEST. The first was a vehicle fuel efficiency study looking into the 
relationship between useful vehicle function and fuel consumption for FFVs running on petrol 
and on ethanol blends. The second component was a combustion emissions study, focussing on 
direct emissions of non-CO2 greenhouse gases from ethanol and petrol combustion in FFVs.  
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The objective of the fuel efficiency study was to establish a basis for determining functional 
equivalence between quantities of ethanol and petrol, for use in comparisons of the GHG 
emissions from ethanol and petrol life cycles. In other words, this study sought to establish a 
measure or measures of fuel pathway output for which equal quantities derived from ethanol 
and petrol pathways provide equal quantities of useful function. A unit of vehicle travel distance 
is commonly used as the functional unit in fuel cycle assessments because vehicle propulsion 
over distance is the principal function derived from the energy provided by the fuel. However, 
emissions calculations carried out and presented with reference to travel distance are strictly 
applicable only to the vehicle model and operation analysed, since the amount of fuel consumed 
per unit of travel distance varies greatly between vehicles and between different driving patterns 
and conditions. The limited applicability of results expressed per unit travel distance is 
particularly significant for fuel pathways that include fuel use in FFVs. The fuel used in an FFV 
can contain any proportion from 0 up to 85% ethanol by volume, and the fuel efficiency 
(distance travelled per unit of fuel consumed) varies with fuel blend composition (Figure 6-1), 
so that an emissions value per unit travel distance is not applicable for blend compositions other 
than the one was which it was determined. 
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Figure 6-1: Calculated variation of vehicle fuel efficiency in km travelled per litre of fuel 
used for different ethanol-petrol blend ratios, assuming energy intensity of 2.6 MJ/km is 
unchanged with blend ratio (fuel energy content calculated as sum of ethanol energy 
content and petrol energy content, as lower heating value, in blend). The variation of fuel 
efficiency with blend ratio means that an emissions value quoted per km would not be 
applicable for a different blend ratio, even if the energy efficiency and emissions per MJ 
were constant. 
The fuel efficiency study therefore investigated alternative reference measures that could be 
applied more broadly. For example, if calculation results can be provided for reference 
measures of fuel instead of distance, much broader use can be made of the calculated emission 
values, since these could then be used readily to calculate life cycle emissions for all pathways 
that share the same supply chain and the same relationship between fuel quantity and 
combustion stage emissions.  It is clear that unit masses or unit volumes of fuel are not 
appropriate reference measures for comparisons between ethanol and petrol, because of the 
different energy densities (ethanol 26.8 MJ/kg or 21.3 MJ/l, petrol 43.2 MJ/kg or 32.2 MJ/l). 
Unit energy content of fuel is a reasonable candidate for suitable reference measure because 
energy content is the primary functional property of fuels. Nevertheless, for meaningful 
comparisons of the GHG impacts of the actual use of fuels in transport, calculations need to take 
account of the efficiencies of conversions of fuel energy to useful mechanical function in 
vehicles run on the different fuels. Thus, while there is a slightly higher GHG cost to production 
and use of 1GJ of diesel fuel compared with 1GJ of petrol (87.4 kgCO2eq/GJ for diesel vs. 85.8 
kgCO2eq/GJ for petrol (Edwards et al. 2007a)), the higher efficiency of diesel engines normally 
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leads to lower GHG emissions per unit distance of travel of diesel-powered vehicles compared 
with equivalent petrol-powered vehicles (see, for example, the JEC calculations for a 2010 
reference vehicle powered by a petrol engine or by a diesel engine, shown in Figure 3-3 and 
Figure 3-4 respectively). Because fuel ethanol is usually used in blends with petrol and is 
therefore exploited for useful work in the same engines and vehicles, and because it is 
commonly assumed that vehicle energy efficiencies are unchanged by substitution of ethanol for 
petrol (at least at the low blend levels that still dominate fuel ethanol markets outside Brazil), 
comparisons of the life cycle GHG emissions per GJ for ethanol and petrol are often taken to 
represent the comparisons between the fuels per kilometre of travel as well. When the 
assumption of unchanged energy efficiency is valid, the option of comparing GHG emissions 
from ethanol and petrol per unit energy content instead of per unit of vehicle travel distance can 
provide a technically valid and broadly useful simplification to the calculations required for 
meaningful comparisons. The central focus of the fuel efficiency investigations, therefore, was 
to compare the energy efficiency, indicated by distance travelled per unit of fuel energy 
supplied, of FFVs running on petrol with the energy efficiency of the same FFVs running on 
ethanol blends. If the energy efficiencies were found to be equal then fuel energy content would 
be an appropriate measure of functional equivalence between petrol and ethanol. If not, the 
mathematical relationship between the observed efficiencies could be used to calculate values 
for alternative measures, such as the petrol-equivalent litre defined in section 4.2. 
The combustion emissions study was carried out to determine the best approach for accounting 
for direct emissions of non-CO2 greenhouse gases from combustion of petrol and ethanol blends 
in FFVs. As noted in Chapter 2, biofuel GHG assessments should account for all significant 
anthropogenic emissions of greenhouse gases from all processes attributable to the biofuel life 
cycles, and it is important to account for emissions of at least the most significant of these gases, 
carbon dioxide, methane and nitrous oxide. Inclusion of these three gases is standard in 
emissions inventories for GHG assessments carried out today, but several biofuel GHG 
assessments that do account for all three of these GHGs ignore the emissions of CH4 and N2O 
from the fuel use stage of the biofuel life cycle (e.g., Elsayed et al 2003, Punter et al 2004). The 
reasons usually given for excluding direct vehicular emissions of CH4 and N2O are that these are 
vehicle-dependent and insufficiently characterised. Direct emissions of CH4 and N2O from 
vehicular combustion of the fossil fuels to which the biofuels are compared are usually omitted 
from these studies for similar reasons. Note that these studies are often described as well-to-tank 
studies, but they are in fact well-to-wheels studies, since they account for the direct vehicular 
emissions of carbon dioxide emissions from biofuels (by the expediency of taking these together 
with other emissions of CO2 containing carbon from the material of the biofuel or its feedstock 
to be equal to the CO2 captured during growth of the feedstock) and of the fossil fuels to which 
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they are compared (usually by assuming 100% oxidation of the fossil carbon content to CO2). 
Ignoring non-CO2 GHG emissions from fuel combustion in these assessments might be 
understandable given the limited data and information available, but without a reliable 
indication of the levels of significance of these emissions, and of the comparisons between the 
non-CO2 GHG emissions from the different fuels being compared, the reliabilities of both 
absolute and comparative results are questionable. For the BEST GHG assessments, therefore, it 
was decided to investigate options for including direct vehicular emissions of CH4 and N2O in 
the calculations.  
6.3.1 Fuel efficiency studies 
6.3.1.1 Study methods 
The fuel efficiency studies included a literature survey and three empirical studies. The 
literature survey was intended to establish a default position for the methodological approach to 
FFV fuel efficiency in the BEST assessments. The empirical studies set out to add to the pre-
existing base of evidence on the relationship between FFV fuel efficiency and fuel type and to 
determine the most appropriate relationships to use in the BEST GHG assessments by 
measuring fuel efficiency in some of the actual flex-fuel vehicles included in the BEST 
demonstrations.  
Literature survey 
The academic literature was reviewed for evidence of the impacts of fuel composition on 
vehicle efficiency of vehicles using petrol and blended petrol-alcohol fuels. Both theoretical and 
empirical approaches were considered, with the goal of identifying possible bases for the 
relationship between the energy efficiency of vehicles running on petrol and the energy 
efficiency of the same or equivalent vehicles running on ethanol fuels.  
Large-scale monitoring of FFVs 
This study monitored fuel consumption by FFVs in real-world driving in seven European sites – 
Basque Country, Spain; Biofuel Region (the counties of Västernorrland and Västerbotten), 
Sweden; La Spezia, Italy; Rotterdam, The Netherlands; Somerset, UK and Stockholm, Sweden. 
The FFVs in the study were being operated as part of a broader demonstration, with multiple 
objectives (such as stimulating growth of the ethanol and FFV markets, providing evidence of 
operating costs and assessing driver experience), and the study methodology was tailored to suit 
this broader context. The aim was to measure the fuel efficiencies achieved by the FFVs running 
on E85 and on petrol during routine operation as part of the demonstration. Within the 
framework of the project, individual owners and operators of the cars were under no obligation 
to carry out the monitoring, and were not compensated for their involvement (apart from being 
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given access to the results of the monitoring of their cars). The implementation of the 
monitoring was therefore very dependent on the cooperation of these owners and operators who 
agreed to take part in the study. Each site was requested to select FFVs for detailed monitoring 
of travel distance and fuel consumption over a period of at least one year. It was requested that 
each site monitor as many cars as possible, with a target of ten cars per site. Given the 
dependence of the study on the voluntary efforts of partners, the first selection criterion for 
FFVs to be monitored was simply a willingness of the owner or operator to provide data as 
required – all data collected according to the defined protocols would be accepted. It was also 
stressed, however, that there was a strong preference for inclusion in the study of FFVs that 
would be operated on E85 only and then on petrol only in alternating block periods of three 
months, although it was accepted that limitations in availability of suitable fuelling 
infrastructure and other local constraints meant that this would not always be possible. Study 
participants were provided with full instructions for monitoring fuel consumption and travel 
distance, and data collection was managed with interactive spreadsheet tools (developed by the 
author of this thesis) that specified the data collection requirements, recorded the data and 
generated periodic data sets for export to a central database (Figure 6-2, Figure 6-3, Figure 6-4 
and Figure 6-5). 
 
Figure 6-2: Fuel consumption monitoring tool used in the BEST project 
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Figure 6-3: FFV specification sheet 
 
Figure 6-4: FFV fuel use and travel distance monitoring sheet 
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Figure 6-5: Data Management Actions page of the Data Management Tool, used to 
produce periodic refuelling record sheets for discrete reporting periods 
The monitoring instructions specified that each refuelling should return the amount of fuel in 
the car to the maximum level and that the type of fuel added (E85 or petrol), volume of fuel 
added and odometer reading at all refuellings be recorded in the Data Management Tool.  The 
ratio of the distance travelled between successive fillings to the volume of fuel used in travelling 
that distance (given by the volume required to restore the fuel level to the maximum) gave the 
fuel efficiency of the FFV for the particular fuel blend in its fuel system between the successive 
fillings. For each FFV, the mean fuel efficiency for all periods running on E85 could then be 
compared with the mean fuel efficiency for periods running on petrol. Because either E85 or 
petrol can be added to an FFV tank at any refuelling (and especially because it was expected 
that many drivers would not be able to follow the recommendation to fill with only one fuel for 
three months continuously) it was necessary to devise a method of distinguishing those periods 
when an FFV was being fuelled with either effectively pure petrol or “pure” E85 from those 
periods when the fuel system contained an intermediate ethanol-petrol blend. An algorithm was 
devised for calculating the minimum purity of the petrol or E85 between any two successive 
refuellings, based on knowledge of the capacity of the fuel system, the type and volume of fuel 
added at the last refuelling, and the minimum purity of the fuel before the last refuelling. The 
capacity of the fuel system is taken to be volume of the fuel tank plus associated piping up to 
the pump module. Specifications for the fuel system capacities of the specific Ford and Saab 
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FFV models included in the study were obtained from the manufacturers. Figure 6-6 is a 
flowchart describing the steps in the fuel purity algorithm.  
 
 
 
  
Record type and volume of fuel in 
next fill 
Is fuel added same 
type as in last fill? 
Calculate new minimum purity of 
fuel type added in fuel system 
No 
Yes 
Set fuel system volume 
Record type (petrol or E85) and 
volume of fuel in first fill 
Calculate minimum purity for fuel 
type added, assuming remainder of 
fuel system contains other type of 
fuel 
Figure 6-6: Flowchart for calculation of fuel minimum purity 
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A minimum purity of 99.9% was designated as essentially pure, and all fuel efficiency values 
for periods when the fuel system was determined to contain petrol or E85 with minimum purity 
of 99.9% or greater were included in a final dataset from which mean fuel efficiency values for 
petrol and E85 were calculated. 
On-road measurements with prescribed driving pattern 
The large-scale monitoring study of BEST FFVs described above measured the performance of 
cars operating to routine real-world driving patterns, averaged over several months. More 
precisely controlled on-road trials can be implemented by prescribing well-defined driving 
conditions and patterns for which all measurements and comparisons are made. Fuel 
consumption trials of this kind were commissioned in Somerset for one of each of the three 
most common models of FFV demonstrated in BEST – the Ford Focus FFV, the Saab 9-5 
Biopower and the Saab 9-3 Biopower.   
The tests were carried out by independent automotive consultant Peter DeNayer, who had 
devised the on-road test protocol used
9
. The DeNayer tests are claimed to be more 
representative of real-world driving than the standard vehicle certification tests (DeNayer 2007; 
Green Car Guide 2006).   For these tests, the cars were driven on a flat, dry, quiet stretch of road 
over five fixed test cycles designed to simulate a range of different real-world driving patterns 
(Table 6-1). The distance travelled in each test cycle was made up of equal distances travelled in 
opposite directions on the same section of road in order to balance out the effects of gradient 
and wind speed. The car’s air conditioning and other ancillary equipment were turned off, and 
the vehicle loading was the same in all tests. Fuel consumption was measured with a positive 
displacement meter connected in the fuel line. Each FFV was tested on petrol and on E85. 
DeNayer claims a repeatability of less than 1.5% for the tests.  
                                                     
9
 The author of this thesis specified the fuels to be tested, coordinated vehicle delivery and arranged 
testing of the fuels. Peter DeNayer designed and carried out the tests and provided fuel consumption 
results in miles per gallon. Further calculations and interpretation of the results of the tests for the 
purposes of the BEST GHG assessments is entirely the work of the author. 
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Table 6-1: Drive cycles used in on-road fuel consumption tests of FFVs 
Drive cycle Description 
Urban Stop-start driving over 3.2 miles, with 12 stops and average speed 17 mph. 
Suburban 6.4 miles, includes cold start at 10 °C 
Motorway 70 mph cruising for 5.4 miles 
Brisk driving Out-of-town driving for 20 miles, includes cold start at 10 °C 
Gentle driving Rural driving for 20 miles, includes cold start at 10 °C 
The fuel used in the tests on the Saab 9-3 was sent for laboratory analysis to confirm energy 
content. Due to budget limitations, the fuels used in the tests on the Saab 9-5 and the Ford Focus 
were not sent for testing, and it was decided to use the results of the single test for energy 
efficiency calculations for all three cars. 
Dynamometer testing 
For the most precise control of test conditions and the most accurate measurements, fuel 
efficiency can be determined under laboratory conditions, with the car mounted on a chassis 
dynamometer. The high costs of dynamometer testing meant that it was not possible to test 
multiple cars under laboratory conditions in BEST, but joint funding from the project budget 
and project partner Saab enabled laboratory testing for fuel efficiency and emissions on a single 
Saab 9-3 FFV (the emissions tests are described in section 6.3.2). This provided an additional, 
high-quality source of evidence for determination of fuel composition impacts on FFV fuel 
efficiency. 
These tests were designed to measure and compare fuel efficiency of the Saab 9-3 when fuelled 
with different blends of ethanol and petrol, and to identify any relationships between fuel 
composition and energy efficiency of the FFVs. Cost constraints limited the tests to four fuel 
blends. The fuels tested were: 
i. petrol 
ii. E10, which is a blend with 10% ethanol by volume and is increasingly being sold 
for use in conventional cars 
iii. a blend of equal amounts of petrol and E85 
iv. E85 
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Transport Research Laboratory (TRL), an independent transport research organisation, was 
commissioned to carry out tests, which were carried out at Millbrook Proving Ground in 
Millbrook, Bedfordshire
10
. The ethanol content, gross calorific value (GCV), net calorific value 
(NCV), density and carbon content of all fuels were measured in analysis carried out by ITS 
Testing Services.  
Saab UK provided the vehicle tested, which was a standard production Saab 9-3 2.0t Biopower 
saloon. Details of this FFV are given in Table 6-2. The vehicle fuel system was drained, flushed 
through with test fuel and run on that fuel for 50 miles before the start of each set of tests on a 
particular fuel. Fuel consumption measurements were carried out with the FFV following the 
standard New European Drive Cycle (NEDC) used in official vehicle certification in Europe, 
and also with the Artemis drive cycle, considered to be more representative of real-world 
driving (André 2004). The NEDC includes urban and extra-urban cycles, while the Artemis 
drive cycle is divided into urban, rural and motorway components. Details of the NEDC and 
Artemis drive cycles are given in Appendix C.  
Table 6-2: Specifications of FFV tested 
Parameter Value Units 
Manufacturer Saab - 
Model 9-3, 2.0t BioPower - 
Year of registration 2007 - 
Fuel Petrol/E85 flex-fuel  
Odometer reading 
at start of test 
8,586 km 
Engine capacity 1,998 cm3 
Aspiration Turbocharged, intercooled - 
Max. power rating 147 kW (at 5,500 rpm) 
Max. torque rating 300 Nm (at 2,500-4,000 
rpm) 
Transmission Manual (5) - 
Emission standard Euro 4 - 
Test weight 1,590 kg 
Fuel consumption was calculated from the measured emissions of carbon dioxide (CO2), carbon 
monoxide (CO) and total hydrocarbons (THC), and the carbon contents of the fuels.  
                                                     
10
 Clarification of roles: The author of this thesis specified the fuels to be tested and specific test objectives 
(fuel consumption measurements for all fuels, fuel analysis to provide ethanol content, calorific value and 
density). TRL specified the appropriate test methodology, arranged the testing and produced a report 
describing the tests and results.  Interpretation of the results of the tests for the purposes of the BEST 
GHG assessments is entirely the work of the author. 
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Figure 6-7: Saab 9-3 Flex-fuel vehicle undergoing dynamometer testing 
6.3.1.2 Results and discussion 
Evidence from the literature 
In many life cycle comparisons of biofuels and the fossil fuels that they are meant to displace, it 
is assumed that the amount of useful function to be derived via a suitable engine from a given 
supply of chemical energy in fuel is independent of the choice of fuel supplying the energy 
(e.g., Edwards et al (2007a), Punter et al (2004), Brinkman et al (2005)). In other words, it is 
assumed that switching from a fossil fuel to a biofuel or biofuel-fossil fuel blend has no effect 
on the energy efficiency of the engine in which the fuel is combusted. This is a reasonable 
approach in the absence of robust evidence of statistically significant differences in energy 
efficiency for different fuels powering the same type of engine. Several empirical studies that 
investigated the effects of adding ethanol and other oxygenates to gasoline in the United States 
found that observed changes in vehicle fuel efficiency were adequately accounted for by 
changes in energy content of the fuels (US National Science and Technology Council, 
Committee on Environment and Natural Resources 1997). However, for a biofuel burnt in 
dedicated engines specifically designed to accommodate and benefit from the properties of that 
biofuel (such as is the case with dedicated ethanol vehicles previously very popular and still 
much in use in Brazil), any life cycle analysis needs to take account of possible differences in 
energy efficiency between a typical gasoline engine and the biofuel engine. Even in the case of 
a flex-fuel engine designed to burn both ethanol and petrol, there is some suggestion from 
theory (Roberts 2008; Sher 1998; Sinor and Bailey 1993), as well as some limited empirical 
evidence (Batelle 1998; Shockey et al. 2007), that differences in specific physical and 
combustion properties between ethanol and petrol might lead to different engine efficiencies 
depending on the composition of the fuel being burnt. Ethanol has a higher octane number than 
petrol (Table 6-3), meaning that in an internal combustion engine, it can be subjected to higher 
pressures without pre-ignition, enabling design and operation of engines with higher efficiency. 
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It has been suggested that since pre-ignition is more likely to occur with petrol than with ethanol 
fuel, and since the response of a modern engine management system to detected pre-ignition is 
to alter the engine’s ignition characteristics in such a way that the engine is effectively “de-
tuned” and operating with lower efficiency, running an FFV on E85 increases the potential for 
operation with higher engine efficiency (Roberts 2008).  
Table 6-3: Fuel properties of anhydrous ethanol and comparison with petrol and diesel 
fuels 
Property Ethanol Petrol
1
 Diesel
1
 
Composition, weight %    
C 52.2 85-88 84-87 
H 13.1 12-15 13-16 
O 34.7 0 0 
Density, kg/m
3
 794 750 825 
Lower heating value, MJ/kg 26.7 42.9 43 
Heat of vaporization
2
, kJ/kg 904 305 250 
Octane number 100 86-94 - 
Cetane number 8 5-20 40-55 
Reid vapour pressure, kPa 15.6 55-103 1.4 
Stoichiometric air/fuel ratio, 
weight 
9:1 14.7:1 14.7:1 
Boiling temperature, °C 78 80-225 188-343 
Flash point, closed cup, °C 13 -42 74 
(1)
Typical values 
(2)
At 1 atm. and 25°C 
Sources: (Edwards et al. 2007a; Sher 1998) 
The higher specific latent heat of vaporization of ethanol compared with petrol means that, all 
other factors being equal, an internal combustion engine operating on ethanol should have a 
cooler and denser fuel mixture entering each cylinder on each induction stroke compared with 
petrol. This would result in a greater mass of fuel entering the volume of each cylinder on each 
induction stroke. This higher volumetric efficiency and lower pumping loss might be expected 
to be observed in higher engine efficiency with ethanol compared with petrol (Sher 1998). 
Indeed, there are ongoing developments to produce FFV engines that utilize the benefits of 
higher octane ratio and latent heat of vaporization and operate at efficiencies significantly 
higher than gasoline engines (Ricardo plc 2009). There are a few studies in the literature that 
report significant improvements in vehicle efficiency of FFVs running on ethanol fuels 
compared with the same vehicles running on petrol. For example, Shockey et al (2007) reported 
increases of up to 15% for an FFV running on ethanol blends compared with petrol; the reported 
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increases varied with blend ratio, and there were efficiency reductions with ethanol at some 
ratios. Batelle (1998) reported 12% higher energy efficiency for FFVs running on E85 than on 
petrol. Kelly et al (1996) and Roberts (2008) reported no significant difference. The empirical 
evidence in this area is still relatively sparse, and it is in this context that fuel cycle assessments 
commonly assume equal energy efficiencies for petrol and ethanol blend propulsion of FFVs.  
Large-scale monitoring of FFVs 
The large-scale monitoring study compiled a very large collection of FFV fuelling data. The 
number of cars monitored and the duration of monitoring varied between sites, but in total, valid 
data were obtained for 92 flex-fuel vehicles, covering a total distance of over two million 
kilometres, and using over 240,000 litres of fuel (Table 6-4). The raw data supplied by sites 
covered even more FFVs and even greater distances and fuel volumes, but data for some cars 
and some reporting periods were excluded because of significant omissions and obvious errors. 
Table 6-4: Summary of data collected from large-scale fuel consumption monitoring 
Site 
Cars 
monitored 
Monitoring 
period 
Total 
distance 
travelled 
(km) 
Total E85 
used (litres) 
Total petrol 
used (litres) 
Basque 
Country 
(Spain) 
9 x Ford 
Focus FFVs  
2/1/07 – 
29/5/09 
430,931 19,387 22,305 
1 x Saab 9-5 
FFV 
26/6/07 - 
13/3/08 
8,440 493 344 
Biofuel 
Region 
(Sweden) 
10 x Ford 
Focus FFVs 
2/1/06 - 
31/12/08 
226,292 20,693 1,413 
La Spezia, 
Italy 
6 x Ford 
Focus FFVs 
8/11/06 - 
18/3/09 
77,978 560 5,861 
2 x Saab 9-5 
FFVs 
26/4/07 - 
6/10/08 
38,888 321 4,049 
Madrid, 
Spain 
30 x Ford 
Focus FFVs 
2/1/07 - 
30/6/09 
632,191 68,572 12,816 
Rotterdam, 
The 
Netherlands 
14 x Ford 
Focus FFVs 
2/1/08 – 
31/3/09 
206,583 9,874 10,668 
Somerset, 
UK 
10 x Ford 
Focus FFVs 
29/6/06 - 
25/3/09 
299,863 31,278 8,319 
Stockholm, 
Sweden 
7 x Ford 
Focus FFVs 
2/1/07 - 
31/3/08 
139,980 15,257 1,714 
3 x Saab 9-5 
FFVs 
1/1/07 - 
31/3/08 
55065 7004 569 
Totals 92 FFVs 
2/1/06 – 
30/6/09 
2,116,211 173,439 68,058 
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Only 12 of the cars monitored had at least one period of operation identified with the algorithm 
of Figure 6-6 as fuelled with pure petrol and one period of operation fuelled with E85 (and not 
some intermediate blend). This meant that direct comparisons between vehicle energy efficiency 
on E85 and on petrol were possible for only 12 of the FFVs, all Ford Focus 1.8 FFVs. These 
comparisons are shown in Table 6-5 and Figure 6-8.  
Table 6-5: Fuel consumption, travel distance and energy efficiency for Ford Focus FFVs 
running on petrol and on E85 
BEST car 
ID 
Total 
distance 
recorded 
with 
>99.9% 
nominal 
E85 in 
tank (km) 
Total 
recorded 
E85 
usage 
with 
>99.9% 
nominal 
E85 in 
tank 
(litres) 
Fuel 
usage 
with 
>99.9% 
nominal 
E85 in 
tank 
(MJ/km) 
Total 
distance 
recorded 
with 
>99.9% 
petrol in 
tank (km) 
Total 
recorded 
petrol 
usage 
with 
>99.9% 
petrol in 
tank 
(litres) 
Fuel 
usage 
with 
>99.9% 
petrol in 
tank 
(MJ/km) 
Increase 
in vehicle 
energy 
efficiency 
with E85 
vs. petrol  
(%) 
BSQ02-1 3340 404 2.8 2398 219 3.0 8.2% 
BSQ02-2 4324 467 2.5 2587 263 3.3 34.7% 
BSQ02-3 8855 824 2.1 16005 1360 2.8 30.6% 
BSQ02-4 4708 434 2.1 10637 835 2.6 22.0% 
BSQ02-5 4263 493 2.7 10350 1013 3.2 21.1% 
BSQ02-6 360 44 2.8 22760 2104 3.0 8.4% 
BSQ02-7 5075 609 2.8 39080 4053 3.4 23.6% 
MDR01-8 18530 2535 3.2 300 32 3.6 12.4% 
MDR01-9 19989 2668 3.1 473 50 3.5 12.7% 
MDR01-
15 
21449 2909 3.1 903 85 3.1 -1.0% 
MDR01-
25 
5399 867 3.7 400 46 3.8 1.1% 
SMT01-9 4038 522 3.1 501 67 4.4 40.2% 
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Figure 6-8: Energy efficiency increases for Ford Focus FFVs running on E85 compared 
with operation on petrol 
The results for all but one of these cars indicated an increase in energy efficiency for operation 
on E85 compared with operation on petrol. There were large variations in these efficiency 
increases between cars, and many of the increases were much larger than previously reported.  
These results were scrutinised further to ensure that they were not the result of inaccuracies in 
reporting, calculations or assumptions. The data collectors confirmed that the data were as 
collected, and no significant inconsistencies could be identified within the individual datasets. 
The calculations (simple summations of distances and volumes, multiplications by energy 
densities to give energy usage and divisions to give energy efficiency ratios) were rechecked 
and found to be correct. For the cars operating in the Basque Country and Madrid (those with 
car IDs starting with BSQ and MDR), one important assumption that could not be verified was 
the energy content of the fuel reported as E85. The sites reported that the fuel sold as E85 did 
indeed contain 85% ethanol by volume, but were not able to supply fuel test reports. For the 
energy content calculations, the nominal E85 at those sites was assumed to contain 85% ethanol 
and 15% petrol by volume, and a net calorific value of 23.0 MJ/l was calculated on this basis 
(by assuming that the NCV of a litre of E85 is the sum the NCVs of 850 ml of ethanol and 150 
ml of petrol). The lack of empirical confirmation of the energy contents of the nominal E85 
fuels is a source of uncertainty in the efficiency results. In the case of the car operated in 
Somerset (ID SMT01-9), it was confirmed that the nominal E85 fuel used contained 76% 
ethanol on average (Davis 2008). Analysis of one sample of this fuel showed an ethanol content 
of 78.4% and an NCV of 23.6 MJ/l; this NCV value was used in the calculations for this car.  
Another source of uncertainty in the energy efficiency comparisons results from the inability in 
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this study to implement strict driving protocols to ensure that the driving conditions, driver 
behaviour and travel patterns were the same in periods when the FFVs were fuelled by E85 as 
they were when petrol was being used. All the driving periods reported in Table 6-5 were 
described by the sites as “a mixture of city and highway driving”. This categorisation could 
cover a wide range of driving patterns and efficiency performance, a range that could be wide 
enough to account for differences in vehicle efficiency of the magnitudes observed. The official 
fuel efficiency rating, in kilometres per litre, for the Ford Focus 1.8 FFV (all 12 vehicles in this 
sample are 2006 or 2007 models of this FFV) is 71% greater on the extra-urban driving cycle 
than on the urban driving cycle (Vehicle Certification Agency 2006; Vehicle Certification 
Agency 2007).  This gives an indication of the magnitude of differences in measured efficiency 
that could, in comparisons between vehicle operations with very different driving patterns, be 
accounted for by those differences in driving pattern alone. In the cases of the efficiency 
comparisons for the twelve cars considered here, no evidence was found to associate a particular 
driving pattern with vehicle operation on one fuel more than another. For any individual car, the 
driving pattern followed when operating on petrol would not have been identical to that 
followed when operating on E85, but there was no evidence of a systematic association of E85 
use to higher-efficiency driving patterns as an explanation for the higher-efficiency vehicle 
operation observed for eleven of the twelve cars, across three sites. Similarly, no evidence was 
found associating any particular driving conditions (such as winter or summer driving) with 
operation on one fuel more than another. 
Driving pattern differences between cars may also have contributed to the observed variation in 
efficiency increases, even if there were no differences between the driving patterns on E85 and 
petrol for individual cars. If there is a genuine efficiency increase with E85, this may well be 
driving cycle-dependent, with, for example, the properties of ethanol showing greatest impact 
for those drive cycles with the highest proportions of high-load conditions. Comparisons of 
efficiency increases between different cars that operated to different drive cycles could show 
significant variations. 
While only 12 cars reported significant driving periods on pure petrol and on “pure” E85, most 
of the FFVs did operate for long periods on one of these fuels only. If there is a genuine 
efficiency advantage in operating an FFV on E85 and a disadvantage in operating on petrol, it is 
likely to show up in efficiency comparisons between operation of the cars on the pure fuels and 
operation over the whole monitoring period when a range of petrol-E85 combinations fuelled 
the cars. Figure 6-9 shows such a comparison for those cars in the study that ran for periods on 
only E85. Also plotted for each car is the volumetric proportion of petrol in the overall fuel mix 
to which the comparison is made. Any increase in energy efficiency with E85 fuel versus the 
average of the total mix over the monitoring period should be greatest for those cars with the 
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largest proportion of petrol in the total mix. Therefore, the two plots should trend together, 
provided that the fuel-dependent efficiency changes are not completely outweighed and 
concealed by variations in driving patterns and individual vehicle performance between the 
petrol-only and the overall average monitoring samples. 
 
Figure 6-9: Comparisons between the energy efficiencies of FFVs operating on E85 and 
the energy efficiency values for the entire monitoring period (during which various 
blends of E85 and petrol were used). Also shown for each car is the proportion of the 
total fuel used over the monitoring period that is constituted by petrol.  
The number of cars for which E85 efficiency was higher than monitoring period efficiency was 
greater than the number of cars for which E85 efficiency was lower, but the magnitudes of more 
than half the differences were less than 2%. The two plots do not show strong correlation. This 
comparison is more suggestive of general variability of energy efficiency than of systematic 
increases corresponding to E85 use.  
Figure 6-10 shows the corresponding plots for the FFVs that operated for periods only on petrol. 
In this case any systematic reductions in energy efficiency with petrol relative to the overall fuel 
mix would tend to be greatest when the proportions of E85 in the overall mix are greatest. The 
minima for the bars representing efficiency increase (i.e., the maximum reductions) would tend 
to coincide with the maxima of the E85 proportion plot. The observed fuel consumption of these 
FFVs indicated reduced energy efficiency for almost all the cars during those periods when they 
ran only on petrol compared with the average efficiency for their entire monitoring periods with 
all fuel mixes. The efficiency reductions on petrol and the E85 proportions in the reference 
compositions are not strongly correlated, but the most plausible explanation for these 
observations appears to be a systematic reduction in energy efficiency of the FFVs when fuelled 
with petrol.  
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Figure 6-10: Comparisons between the energy efficiencies of FFVs operating on petrol 
and the energy efficiency values for the entire monitoring period (during which various 
blends of E85 and petrol were used). Also shown for each car is the proportion of the 
total fuel used over the monitoring period that is constituted by E85. 
On-road measurements with prescribed driving pattern 
The measured fuel consumption and the calculated energy efficiency (based on measured net 
calorific values of 23.7 MJ/l for E85 and 32.9 MJ/l for petrol) of the three flex-fuel vehicles 
were as indicated in Table 6-6. The calculated average figure assumes that urban and suburban 
driving each make up 12.5% of driving distance while motorway, brisk and gentle driving each 
constitute 25%. The observed differences in energy efficiency between vehicle travel with E85 
fuel and petrol are illustrated in Figure 6-11. 
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Table 6-6: Measured fuel consumption in l/100 km and calculated energy efficiency in 
km/MJ for on-road FFV tests with DeNayer drive cycles in Somerset 
 Drive cycle Ford Focus FFV Saab 9-3 Saab 9-5 
E85 Petrol E85 Petrol E85 Petrol 
l / 
100 
km 
km / 
MJ 
l / 
100 
km 
km / 
MJ 
l / 
100 
km 
km / 
MJ 
l / 100 
km 
km / 
MJ 
l / 
100 
km 
km / 
MJ 
l / 
100 
km 
km / 
MJ 
Urban 15.7 0.27 12.0 0.25 16.1 0.26 12.0 0.25 18.2 0.23 14.5 0.21 
Suburban 12.8 0.33 9.6 0.32 13.8 0.31 9.9 0.31 14.5 0.29 11.3 0.27 
Motorway 10.7 0.40 8.2 0.37 10.3 0.41 7.4 0.41 10.1 0.42 8.3 0.37 
Brisk driving 10.3 0.41 7.7 0.39 10.5 0.41 7.5 0.40 11.1 0.38 8.4 0.36 
Gentle 
driving 
9.0 0.47 6.7 0.45 9.4 0.45 6.6 0.46 9.9 0.43 7.6 0.40 
Calculated 
Average 
Consumption 
10.7 0.40 8.1 0.38 10.9 0.39 7.8 0.39 11.3 0.38 8.8 0.34 
 
Figure 6-11: Observed increase in vehicle energy efficiency on E85 fuel compared with 
petrol 
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Given the span covered by the error bars (based on fuel consumption measurement repeatability 
of 1.5%), the 1.0% average efficiency increase for the Saab 9-3 cannot be considered 
significant, but the observed improvements for the Ford Focus and Saab 9-5 FFVs were 
significant. The trials were designed with a high degree of experimental control, and these 
results bolster the case for a net improvement in energy efficiency resulting from the use of 
ethanol in FFVs. 
Dynamometer testing 
The fuel analysis carried out on the nominal E85 fuel used in these tests found that it actually 
contained 73.5% ethanol by volume, and this fuel was designated E74. The blend made up by 
mixing roughly equal amounts of E85 and petrol was found to contain 38.1% ethanol by volume 
and designated E38. The ethanol content of the prepared E10 blend was measured at 10.3% by 
volume. The laboratory test measurements reported for petrol were inconsistent with the 
expected properties of petrol. The laboratory test report indicated an ethanol content of 11.8% 
by volume (Table 6-7), even though the petrol had been specified by its supplier to be E0 (free 
of ethanol) and not known or believed by test contractor TRL to have had ethanol added before 
the dynamometer tests (Boulter and McCrae 2009). Based on their knowledge of the fuel source 
and also because accepting the reported properties for petrol led to inexplicable results from the 
associated emissions tests (reported in section 6.3.2), TRL concluded that the reported values 
for petrol were the result of either fuel sample labelling errors, or incorrect reporting by the fuel 
test laboratory. They therefore adjusted the values for E0, assuming an ethanol content of zero, 
extrapolating second-order polynomial fits to the data for E10, E38 and E74 to estimate calorific 
values fuel density and sulphur content, and assuming an empirical formula for petrol of CH1.85 
in order to derive carbon and hydrogen contents. The adjusted E0 properties are shown in Table 
6-8. 
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Table 6-7: Properties of test fuels from test report (Boulter and McCrae 2009) 
Parameter Units 
Fuel 
E0 E10 E38 E74 
Ethanol content %(v/v) 11.8 10.3 38.1 73.5 
Gross calorific 
value 
MJ/kg 43.84 44.02 39.36 33.14 
Net calorific value MJ/kg 41.02 41.2 36.54 30.36 
Density at 15
o
C kg/l 0.743 0.745 0.760 0.781 
Carbon content %(m/m) 82.14 82.6 73.06 60.17 
Hydrogen content %(m/m) 13.35 13.26 13.29 13.1 
Sulphur content mg/kg 16.5 14.9 10.8 6.8 
Table 6-8: Properties of test fuels with values for E0 adjusted by TRL (Boulter and 
McCrae 2009) 
Parameter Units 
Fuel 
E0 E10 E38 E74 
Ethanol content %(v/v) 0 10.3 38.1 73.5 
Gross calorific 
value 
MJ/kg 45.70 44.02 39.36 33.14 
Net calorific value MJ/kg 42.88 41.2 36.54 30.36 
Density at 15
o
C kg/l 0.740 0.745 0.760 0.781 
Carbon content %(m/m) 86.64 82.6 73.06 60.17 
Hydrogen content %(m/m) 13.36 13.26 13.29 13.1 
Sulphur content mg/kg 16.6 14.9 10.8 6.8 
The measured fuel consumption and energy efficiency values for the FFV tested are shown in 
Figure 6-12 and Figure 6-13 respectively for the tests run on each of the four test fuels and for 
the NEDC and Artemis drive cycles and sub-cycles
11
.  
                                                     
11
 The New European Drive Cycle (NEDC) and the Artemis drive cycle are each made up of separate sub-
cycles representing different driving patterns. The NEDC is divided into an urban cycle known as the U.N. 
Economic Commission for Europe (ECE) cycle (this is actually a pattern of four identical urban cycles in 
succession) and an extra-urban drive cycle (EUDC) that simulates higher-speed driving outside of urban 
centres. The Artemis drive cycle is divided into urban, rural and motorway sub-cycles. 
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Figure 6-12: Measured fuel consumption on different drive cycles for each fuel blend 
tested 
 
Figure 6-13: Calculated vehicle energy efficiency in kilometres per megajoule of fuel 
energy (NCV) for different drive cycles for each fuel blend tested 
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For each drive cycle and sub-cycle, there were only marginal differences between the energy 
efficiencies of the FFV when run on petrol, E10, E38 and E74, and these differences included 
both increases and reductions with increasing ethanol content in the fuel. For both the full 
NEDC and Artemis cycles, the efficiency increase relative to petrol was slightly negative for 
E10, effectively zero for E38 and slightly positive for E74 (Figure 6-14, Figure 6-15). While 
this particular variation might be an indication of a general underlying pattern of variation in 
vehicle energy efficiency with increasing ethanol content in petrol-ethanol blends, the small size 
of the observed efficiency changes and the small number of data points mean that these results 
do not constitute strong evidence for any particular pattern of efficiency variation. 
 
Figure 6-14: Percent increase in energy efficiency of tested vehicle when running on E10, 
E38 and E76 fuel blends compared with the energy efficiency when running on E0, for 
different drive cycles 
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Figure 6-15: Measured variation in vehicle energy efficiency with ethanol content in 
petrol-ethanol fuel blend for NEDC and Artemis driving cycles 
6.3.1.3 Conclusions from vehicle efficiency studies 
The most dominant feature of the investigated relationship between fuel efficiency of vehicles 
running on ethanol and on petrol appears to be high variability. This was borne out by the 
literature survey and all three practical vehicle trials. Nevertheless, the Somerset tests with 
prescribed driving pattern and the large-scale monitoring of the BEST FFVs provide a strong 
suggestion that, on average, energy efficiency of FFVs running on ethanol is higher than that 
when running on petrol. The evidence is not sufficiently clear to provide a specific percent 
increase to use in the BEST GHG assessments, but can be said to support the position that 
energy efficiency of FFVs running on ethanol is at least as high as that on petrol.    
6.3.2 Vehicle emission studies 
Like the fuel efficiency study, the combustion emissions study was specified to identify relevant 
existing evidence and to generate new evidence to support the determination of appropriate 
methods and assumptions for use in the BEST GHG assessments. Specifically, this study set out 
to determine appropriate approaches for accounting for direct emissions of non-CO2 greenhouse 
gases from combustion of ethanol fuels and petrol in motor vehicles. It was divided into two 
sections. The first was a review of the literature on emissions of methane and nitrous oxide from 
vehicles fuelled with ethanol fuels and with petrol. The second was a laboratory-based 
investigation of methane and nitrous oxide emissions from combustion of petrol and different 
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ethanol-petrol fuel blends during dynamometer testing of a flex-fuel vehicle. 
6.3.2.1 Study methods 
Survey of literature on non-CO2 GHG emissions from vehicles fuelled with ethanol fuels and 
with petrol 
The academic literature was surveyed for available evidence on levels of emissions of methane 
and nitrous oxide from ethanol-fuelled and petrol-fuelled motor vehicles, and for existing 
methods for accounting for these emissions in GHG assessments. The approaches taken in the 
biofuel GHG assessments reviewed in Chapter 3 were examined and other sources were sought 
to provide information and methods that could form an appropriate basis for the treatment of 
such emissions from the BEST ethanol pathways.  
Dynamometer testing 
The dynamometer tests for fuel efficiency described in section 6.3.1were part of a broader set of 
laboratory tests on the same Saab 9-3 Biopower flex-fuel vehicle. Emissions tests were set up to 
measure the levels of CH4 and N2O in the exhaust gases from the Saab 9-3 when fuelled by 
petrol, E10, E38 and E74, on both the NEDC and Artemis drive cycles. 
The test car, set-up and fuels were as described in section 6.3.1, with the Saab 9-3 mounted on a 
chassis dynamometer and operated to the prescribed test cycles while exhaust gases were 
sampled and analysed. The vehicle fuel system was drained, flushed through with test fuel and 
run on that fuel for 50 miles before the start of each set of tests on a particular fuel. Methane 
measurements were carried out via Flame Ionisation Detection (FID)
12
 with continuous gas 
sampling, and nitrous oxide measurements were via Fourier Transform Infrared (FTIR) 
spectroscopy
13
 with continuous gas sampling.  
6.3.2.2 Results and discussion 
Survey of literature on non-CO2 GHG emissions from vehicles fuelled with ethanol fuels and 
with petrol 
The first stage of the literature survey was a review of the approaches to non-CO2 vehicular 
GHG emissions in the assessments reviewed in Chapter 3. These approaches and the rationale 
for their adoption as presented in the study reports are summarised in Table 6-9 (the studies by 
Crutzen et al, Fargione et al and Searchinger et al are not included here because they are not full 
                                                     
12
 FID measures hydrocarbon concentrations in gases by detecting the concentration of ions formed when 
the hydrocarbons are burnt in a hydrogen flame. Methane-only detection involves catalytic oxidation of 
higher hydrocarbon fractions, leaving methane as the only hydrocarbon detected. 
13
 FTIR spectroscopy is a technique that detects specific molecules in a gas sample by measuring the 
amount of infrared (IR) radiation absorbed by the molecules in the sample across the infrared spectrum 
and using a mathematical relation (the Fourier transform) to identify specific gases and their 
concentrations according to their specific IR absorption spectra.   
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GHG assessments but studies addressing specific aspects of such assessments). It can be seen 
that these assessments either exclude vehicular CH4 and N2O emissions or use single estimates 
for the CH4 and N2O emissions from the specific car models featured in the studies. In the case 
of the JEC (2007) study, a single estimate is provided per emissions class (e.g., EURO III, 
EURO IV). Those studies that did provide CH4 and N2O emissions estimates made no 
distinction between operation on petrol and on ethanol fuels. It was not clear whether the 
assumption of equal emissions from petrol and ethanol cars was based on any positive evidence 
for such equality, but the studies did note the scarcity of data on these vehicular CH4 and N2O 
emissions generally.   
The next stage of the literature survey was a review of published data, estimates, analyses and 
guidelines on methane and nitrous oxide emissions from petrol-fuelled and ethanol-fuelled 
vehicles. 
The 2006 IPCC Guidelines for National Greenhouse Gas Inventories provides default emissions 
factors for CH4 and N2O per unit of fuel energy but notes the high uncertainties involved (IPCC 
2006). These defaults are based on a limited set of studies on specific vehicle fleets. They 
include some values for ethanol fuel, but not enough information for direct comparisons 
between petrol and ethanol use in the same or equivalent vehicles. Table 6-10 shows the default 
CH4 and N2O emissions values and uncertainty ranges for all petrol and ethanol fuel/vehicle 
categories for which defaults are provided in the guidelines. 
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Table 6-9: Summary of approaches to accounting for vehicular emissions of methane and nitrous oxide in the GHG assessments reviewed in 
chapter 3 
Study Approach to vehicular 
CH4 emissions 
Basis for approach or 
source of data 
CH4 value 
used 
Approach to vehicular N2O 
emissions 
Basis for approach or 
source of data 
N2O value 
used 
GM2001 GHGs other than CO2 were 
considered negligible at the 
vehicle level. 
Not given - GHGs other than CO2 were 
considered negligible at the 
vehicle level 
Not given - 
GM2005 Single estimate for petrol 
and E85 versions of 
reference vehicle 
Available GM vehicle 
emissions testing data for 
petrol and E85 
0.0068 g/mi Single estimate for gasoline and 
E85 versions of reference 
vehicle 
EPA publication on N2O 
emissions from petrol 
vehicles (Michaels 1998) 
and previous versions of 
GREET model 
0.028 g/mi 
LBST 2002 Single estimate for petrol 
and blended fuels in 
reference vehicle 
GM experience, literature 
sources and judgement of 
advanced after-treatment 
impacts 
0.02 g/km Single estimate for petrol and 
blended fuels in reference 
vehicle 
GM experience, literature 
sources and judgement of 
advanced after-treatment 
impacts 
0.0174 g/km 
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Study Approach to vehicular 
CH4 emissions 
Basis for approach or 
source of data 
CH4 value 
used 
Approach to vehicular N2O 
emissions 
Basis for approach or 
source of data 
N2O value 
used 
JEC 2007 Assumed to be 20% of the 
applicable unburnt 
hydrocarbons limit 
Not given 0.04 g/km 
for EURO 
III rated 
cars, 0.02 
g/km for 
EURO IV 
rated cars 
Assumed to 2% of the NOx 
emissions limit 
Not given 0.003 g/km for 
EURO III 
rated cars, 
0.002 g/km for 
EURO IV 
rated cars 
GREET 
2010 
Single estimate for gasoline, 
low blend ethanol with 
petrol and E85 
Open literature, emissions 
tests results, vehicle 
simulations 
0.0146 g/mi Single estimate for gasoline, 
low blend ethanol with petrol 
and E85 
Open literature, emissions 
tests results, vehicle 
simulations 
0.012 g/mi 
Macedo 
2008 
Not included because of lack 
of data, but considered 
negligible based on the 
limited data available 
On basis of HC limits and 
available data on actual HC 
levels, methane levels are  
considered to be negligible 
- Not mentioned in section on 
automotive emissions 
- - 
Elsayed et 
al 2003 
Not included  Known variability and no 
evidence found of consensus 
for consistent and 
comparable data 
- Not included  Known variability and no 
evidence found of consensus 
for consistent and 
comparable data 
- 
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Study Approach to vehicular 
CH4 emissions 
Basis for approach or 
source of data 
CH4 value 
used 
Approach to vehicular N2O 
emissions 
Basis for approach or 
source of data 
N2O value 
used 
Woods and 
Bauen 2003 
Not included Not mentioned - Not included Not mentioned - 
LowCVP 
2004 
Not included Not mentioned - Not included Not mentioned - 
Farrell 
2006 
Not included Not mentioned, even though 
reference petrol value from 
GREET does include CH4 
from combustion 
- Not included Not mentioned, even though 
reference petrol value from 
GREET does include N2O 
from combustion 
- 
Bauen et al 
2008 
Not included Not mentioned - Not included Not mentioned - 
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Table 6-10: IPCC default emission factors and uncertainty ranges for N2O and CH4 
emissions from road transport using gasoline (petrol) and ethanol fuels 
(a) 
(IPCC 2006) 
Fuel Type/Representative 
Vehicle Category 
CH4 (kg/TJ) N2O (kg/TJ) 
Default Lower Upper Default Lower Upper 
Motor Gasoline – USA light-
duty vehicle without emissions 
control 
(b)
 
33 9.6 110 3.2 0.96 11 
Motor Gasoline - USA light-
duty vehicle  with oxidation 
catalyst 
(b)
 
25 7.5 86 8.0 2.6 24 
Motor Gasoline – USA low 
mileage light-duty vehicle, 
vintage 1995 or later 
(b)
 
3.8 1.1 13 5.7 1.9 17 
Ethanol, USA heavy-duty 
trucks 
260 77 880 41 13 123 
Ethanol, cars, Brazil 
(c)
 18 13 84 n/a n/a n/a 
(a) Assumed representative fuel consumption values of 10 km/l for motor gasoline vehicles and 9 km/l for ethanol 
vehicles. 
(b) Based on (ICF Consulting 2004) 
(c) Based on published and unpublished data from studies in Brazil. For new 2003 models, best case: 51.3kg THC/TJ 
fuel and 26.0 percent CH4 in THC. For 5 years old vehicles: 67 kg THC/TJ fuel and 27.2 percent CH4 in THC. For 10 
years old: 308 kg THC/TJ fuel and 27.2 percent CH4 in THC 
The IPCC defaults for petrol vehicles are based on data published in a US Environmental 
Protection Agency (USEPA) report “Update of Methane and Nitrous Oxide Emission Factors 
for On-Highway Vehicles” (ICF Consulting 2004). This report provides data for US vehicle 
fleets, but does not report values for ethanol fuels. The IPCC guidelines also cite a 2002 paper 
by Lipman and Delucchi, “Emissions of Nitrous Oxide and Methane from Conventional and 
Alternative Fuel Motor Vehicles” (Lipman and Delucchi 2002) as a source of data, uncertainty 
ranges and useful descriptions of the variability of CH4 and N2O emissions from motor vehicles.  
Lipman and Delucchi (2002) provide an overview of the mechanisms of formation of methane 
and nitrous oxide in internal combustion engines and discuss the effectiveness of emissions 
control systems on tailpipe emissions of these greenhouse gases. They present a compendium of 
emissions values from previous studies and on this basis propose emission factors for 
conventional vehicles, along with emissions ratios for comparing CH4 and N2O emissions from 
alternative fuel vehicles with conventional vehicles.  Of most relevance to the BEST study of 
the use of petrol and ethanol in FFVs were the following points: 
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 In general, CH4 and N2O emissions from motor vehicles are not very well characterized 
but depend on fuel, vehicle, operating conditions, pollution control system, catalyst age, 
and other factors. 
 The data analysed indicate that ethanol vehicles emit more CH4 than comparable petrol 
vehicles. They assumed that CH4 emissions from ethanol light-duty vehicles are 150% 
of those from petrol vehicles, and that CH4 emissions from vehicles running on 
ethanol-petrol blends emit CH4 levels in proportion to the fractions of ethanol and 
petrol in the fuel blends.  
 Based on the limited data available, they assume that ethanol vehicles emit similar 
levels of N2O as petrol vehicles. 
Lipman and Delucchi (2002) noted the sparse availability of references for data and information 
on direct emissions of methane and nitrous oxide from motor vehicles run on alternative fuels. 
While the increased use of ethanol fuels and vehicles has been accompanied by large number of 
published studies on regulated pollutant emissions from ethanol-fuelled vehicles, the literature 
on methane and nitrous oxide emissions from ethanol vehicles remains sparse. A search in July 
2011 of the ScienceDirect online publications collection with the terms “ethanol vehicle 
methane emissions” and ethanol vehicle nitrous oxide emissions” returned only two additional 
publications that reported levels of these greenhouse gases in vehicle emissions. The results of 
these studies are summarised in Table 6-11. The Poulopoulos et al (2001) study suggested that 
methane emissions with ethanol fuels may be higher, lower or unchanged compared with petrol 
depending on blend ratio and drive cycle, while Graham et al (2008) found no significant 
change. 
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Table 6-11: Summary of studies on methane and nitrous oxide emissions from motor 
vehicles 
Authors (Poulopoulos et al. 2001) (Graham et al. 2008) 
Title Regulated and unregulated emissions 
from an internal combustion engine 
operating on ethanol-containing fuels 
Emissions from light duty gasoline vehicles 
operating on low blend ethanol gasoline and 
E85 
Study 
sample 
1 conventional light-duty petrol vehicle 
operating on petrol, E3 and E10 
Low-blend study with 4 vehicles operating 
on petrol, E10 and E20; high-blend study 
with 1 FFV run on E85 and petrol, and an 
equivalent petrol-only vehicle; studies 
carried out in Canada 
Study 
method 
Emissions testing at different loads using 
brake dynamometer 
Dynamometer testing and statistical analysis 
of results along with results of four previous 
studies 
Findings 
on CH4 
emissions 
CH4 concentration in tailpipe emissions 
lower with E10 than with petrol at low 
load, higher with E10 than with petrol at 
high load; no specific pattern observed in 
comparisons between petrol and E3 
No statistically significant change between 
emissions on petrol and ethanol fuels 
Findings 
on N2O 
emissions 
Not measured No statistically significant change between 
emissions on petrol and ethanol fuels 
A larger database of study results will be required to improve characterisation of vehicular 
emissions of CH4 and N2O and establish reliable comparisons between emissions from vehicles 
running on ethanol and on petrol. 
Dynamometer testing 
Methane emissions over the full NEDC were higher than over the full Artemis drive cycle for 
all four fuels tested (Figure 6-16). Within the NEDC, the urban driving component (NEDC-
ECE) produced considerably higher methane emissions than extra-urban driving (NEDC-
EUDC). On the Artemis cycle, motorway driving produced the most CH4, followed by urban 
and then rural driving. Over the full NEDC, methane emissions increased with increasing 
ethanol content in the fuel, while over the full Artemis drive cycle, no clear relationship 
between fuel ethanol content and methane emissions was observed (Figure 6-17). 
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Figure 6-16: Measured methane emissions on different drive cycles for each fuel blend 
tested 
 
Figure 6-17: Measured variation in methane emissions with ethanol content in petrol-
ethanol fuel blends for NEDC and Artemis driving cycles 
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Lipman and Delucchi (2002) assumed methane emissions from ethanol fuelling to be 150% of 
those from petrol and emissions from petrol-ethanol blends to be in proportion to the fractions 
of the ethanol and petrol in the blends. As a comparison between the variations in methane 
emissions with fuel ethanol content as observed in the dynamometer tests and the relationship 
assumed in Lipman and Delucchi (2002), Figure 6-18 shows linear trendlines to the plots of 
Figure 6-17 alongside the plots that would be observed if the Lipman and Delucchi assumption 
held exactly. 
 
Figure 6-18: Comparisons between the measured variations in methane emissions with 
ethanol content in petrol-ethanol fuel blends and the variation assumed in Lipman and 
Delucchi (2002). The NEDC and Artemis plots show the methane emissions measured 
during emissions testing of the Saab 9-3 FFV on the NEDC and Artemis drive cycles 
respectively. The Linear (NEDC) and Linear (Artemis) lines are linear trendlines to the 
measured emissions plots. The 1.5E-NEDC and 1.5E-Artemis plots show the methane 
emissions variations that would be observed if, given the measured emissions levels for 
operation on pure petrol, the emissions levels for other blend ratios were in strict 
accordance with the variation assumed by Lipman and Delucchi.  
 
It can be seen that for operation on the NEDC, methane emissions from the Saab FFV increased 
with ethanol content in the fuel at a rate that was on average higher than the rate of increase 
implied by the Lipman and Delucchi assumptions, while the average rate of emissions increase 
on the Artemis drive cycle was essentially zero, and less than the Lipman and Delucchi rate.  
Unfortunately, no usable results were obtained from the FTIR measurements of N2O emissions. 
A high proportion of the measurements were recorded as negative values, and Transport 
Research Laboratory indicated that the levels of N2O being measured were below the limits of 
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detectability of the measuring instruments
14
.  
6.3.2.3 Conclusions from vehicle emissions studies 
Data on methane and nitrous oxide emissions from motor vehicles remains sparse. The 
emissions tests carried out on the Saab 9-3 FFV contributed limited data on methane and none 
on nitrous oxide. While the observed variation of methane emissions with ethanol content of 
fuel in the Saab 9-3 was not inconsistent with Lipman and Delucchi’s assumed patterns, on the 
whole there appears to be insufficient evidence on which to base quantitative relationships 
between CH4 and N2O emissions on ethanol and petrol for use in the BEST assessments. It was 
therefore decided to assume no significant change in CH4 and N2O emissions between operation 
on petrol and on ethanol fuels. As an indication of the magnitude of CH4 and N2O emissions 
from transport fuel combustion in relation to the full fuel pathway GHG emissions, it was noted 
that the IPCC default factors for CH4 and N2O emissions from US light-duty petrol vehicles 
manufactured in 1995 or later (Table 6-10), add up to 1.8 kgCO2eq/GJ fuel, or 2% of the 85.8 
kgCO2eq/GJ given by Edwards (2007) as the full-cycle GHG emissions for petrol, excluding 
non-CO2 combustion emissions. With the uncertainty ranges given for the IPCC defaults, the 
uncertainty range for petrol combustion CH4 and N2O emissions is between 0.7% and 6.3% of 
the JEC full-cycle value. 
6.4 Full cycle GHG assessments of bioethanol 
6.4.1 Study methodology 
The study collected information from the BEST sites to identify as many ethanol supply chains 
as possible. Detailed life cycle inventories were then produced for all supply chains for which 
there was sufficient information. The results of the fuel efficiency and emissions testing carried 
out on the FFVs informed the full life cycle comparisons between the assessed biofuel pathways 
and a petrol pathway as reference. Based on the available data, it was decided not to assume any 
change in energy efficiency or direct non-CO2 GHG emissions from the FFVs when running on 
petrol as compared to operation on E85 or other blends.  
6.4.2 Data Gathering 
The data gathering for this study took place in two stages. In the first stage, sites were asked to 
provide information to identify all known supply chains for ethanol sold in their site regions in 
2006. This was done through a survey sent to local site representatives in September 2007. The 
survey solicited information describing all known ethanol flows into and out of local markets – 
total volumes, places of origin and types of feedstock used – as well contact details of local 
                                                     
14
 TRL did not specify these limits. Attempts to confirm these limits have been unsuccessful up to the time 
of writing. 
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ethanol producers and suppliers (see Appendix 1). The responses to the surveys and additional 
information provided by ethanol producers and suppliers were used to draw up a list of ethanol 
supply chains in BEST sites.  
In the second stage of data gathering, information was collected to enable calculations of GHG 
emissions associated with the identified ethanol supply chains. These calculations required 
inventories of all material and energy inputs and outputs of all the processes in the supply 
chains. In order to develop these inventories, data was sought from the following sources: 
 interviews with feedstock and fuel producers and distributors 
 data collection during site visits 
 published life-cycle studies 
 official statistics from national, European, and international agencies (e.g., Statistics 
Sweden, the Netherlands’ StatLine databank, Eurostat and FAOSTAT) 
For each supply chain identified, the set of data in Table 6-12 was collected as a minimum. 
Table 6-12: Data collected for life cycle calculations 
Process Data collected 
Feedstock production Types of feedstock 
Location of feedstock production 
Total N, P and K fertilizer applied per hectare year 
Average fuel use per hectare per year 
Pesticide use per hectare per year 
Seed material used per hectare per year 
Use or disposal of straw and husks 
Average feedstock yield 
Feedstock preparation Amount of heat and electricity used in drying feedstock 
Type of fuel used in drying 
Feedstock transport Modes of feedstock transport 
Feedstock transport distance 
Ethanol production Location of ethanol plant 
Average ethanol yield 
Amount of heat and electricity used in ethanol production 
Fuels used for heat and electricity production 
Other inputs to ethanol production 
Amounts of co-products produced 
Use of co-products 
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Process Data collected 
Ethanol Distribution Modes of transport of ethanol fuel 
Average distribution distance 
Data collected on feedstock production were not as comprehensive as would ideally be the case 
for the most precise, site-specific assessments. Site-specific determination of N2O emissions 
from agricultural soils would require site-specific measurement data or sophisticated soils 
chemistry models together with a range of site-specific input data such as soil type, rainfall and 
crop rotations. Because direct measurements and soils chemistry modelling were considered 
beyond the scope of BEST project activities, this set of GHG assessments aimed to make use of 
relevant, site-specific N2O emissions data from the literature where available, or generic IPCC 
defaults. As a result, data on soil type, rainfall, crop rotations, etc. were not collected. Similarly, 
the data and modelling requirements for land use change calculations were beyond the scope of 
these assessments, and related data were not collected. 
This data collection served as the basis for detailed inventories of material and energy flows 
used for calculating GHG emissions from the ethanol supply chains. 
6.4.3 Calculation methods 
Site-specific data and GHG emissions factors were used to produce inventories of inputs, 
outputs and GHG emissions for supply chain stages from farming to delivery of produced fuel 
for use in vehicles. Where site-specific data were unavailable or not sufficiently reliable, default 
data from previous peer-reviewed studies were used instead. 
The Biofuels Greenhouse Gas Calculator described in Chapter 4 was used to carry out the 
calculations for grain-based ethanol. Other assessments were carried out on a separate 
spreadsheet, in effect emulating the main calculation function of the Biofuels GHG Calculator. 
The calculations use the following important methodological approaches: 
 Direct and indirect emissions resulting from all life cycle stages are considered. Thus, 
the GHG emissions resulting from production and use of all fertilizers, fuels and 
chemicals used in agricultural, industrial and other processes required for production 
and delivery of the final fuel are accounted for in the life cycle inventory.  
 Emissions associated with the construction and maintenance of buildings and equipment 
have not been included in the analysis. Because reliable data could not be found for 
most processes, it was decided to adopt a consistent approach and exclude capital plant 
and equipment for the analysis.  
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 Where ethanol production is accompanied by production of useful co-products, GHG 
emissions credits are assigned to account for the impact of the displacement of other 
products by the co-products. 
 Direct and indirect land-use changes resulting from ethanol feedstock production are 
not considered. 
6.4.4 Results and discussions 
Based on information provided by sites, twenty five supply chains were identified across the 
eight European sites and Nanyang, China. Of the twenty five supply chains identified, sufficient 
information was found to enable calculation of GHG emissions factors for thirteen supply 
chains (Table 6-13). 
Even though much data and information were collected on three of the four supply chains 
identified for Nanyang (based on wheat, maize and sweet potato feedstock and representing 
over 80% of the ethanol sold in Nanyang in 2006), there was considerable uncertainty about 
some important items of data from these supply chains, notably the data related to fertilizer used 
for crop production and energy used in the ethanol plant. Since each of these data values 
typically has a major impact on the net GHG emissions of the ethanol supply chains, the 
Nanyang supply chain calculations were considered too uncertain to include in this study. 
Table 6-13: Bioethanol supply chains in BEST regions in 2006 
Site 
Supply chain 
ID 
Feedstock 
Feedstock 
country of 
origin 
Location of ethanol 
plant(s) 
Availability of 
data for LCA? 
Somerset SMSBRSC1 sugar cane Brazil Sao Paulo Yes 
Stockholm 
STMSWWH1 wheat Sweden Norrköping Yes 
STMSWSR1 sulphite residues Sweden Örnsköldsvik No 
STMBRSC1 sugar cane Brazil Sao Paulo Yes 
STMEUWR1 wine residues EU undefined No 
Biofuel Region 
BFRSWWH1 wheat Sweden Norrköping Yes 
BFRSWSR1 sulphite residues Sweden Örnsköldsvik No 
BFREUWR1 wine residues EU undefined No 
Nanyang 
NYNNYWH1 wheat China Nanyang City Too uncertain 
NYNNYCO1 corn China Nanyang City Too uncertain 
NYNNYSP1 sweet potato China Nanyang City Too uncertain 
NYNNYCS1 cassava China Nanyang City No 
Basque Country 
BSQSPWH1 wheat Spain Teixeiro, Galicia Yes 
BSQSPBR1 barley Spain Cartagena, Murcia Yes 
BSQSPBR2 barley Spain Babilafuente, Salamanca No 
Madrid 
MDRSPWH1 wheat Spain Teixeiro, Galicia Yes 
MDRSPBR1 barley Spain Cartagena, Murcia Yes 
MDRSPBR2 barley Spain Babilafuente, Salamanca No 
Rotterdam 
RTMNDSB1 sugar beets Netherlands Bergen op Zoom Yes 
RTMNDWS1 wheat slurry Netherlands Bergen op Zoom No 
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The calculated GHG emissions impacts of those supply chains for which there were sufficient, 
reliable data and information are presented in the following sections. Calculation results are 
given in units of kg CO2eq/GJ ethanol. Since energy efficiency is assumed to be unchanged 
between FFV operation on petrol and on ethanol blends, results expressed per unit of fuel 
energy provide for fair, effectively function-based comparisons between ethanol and petrol. 
Note that these results and the petrol pathway emissions value (85.8 kgCO2eq/GJ) used in the 
comparisons account for the full fuel pathways including fuel combustion, but exclude direct 
CH4 and N2O emissions from fuel combustion, due to a lack of reliable data. As noted in section 
6.3.2.3, these fuel combustion stage CH4 and N2O emissions are likely to be of the order of 2% 
of the quoted pathway emissions for petrol, and are likely to be of similar magnitude for ethanol 
combustion as for petrol combustion.  
6.4.4.1 Stockholm 
The Stockholm BEST site reported that in 2006, 19% of the ethanol consumed in Stockholm 
was produced in Sweden, 23% was imported from within the EU, and 58% was from Brazil. 
The ethanol produced in Sweden was made from wheat and from residues from the sulphite 
process for pulp and paper production. The ethanol imported from the EU was produced from 
wine residues and the Brazilian ethanol was made from sugar cane. Four separate supply chains 
were identified for site Stockholm (Table 6-14). 
Table 6-14: Supply chains for bioethanol sold in Stockholm 
Supply chain 
ID 
Feedstock 
Feedstock 
country of 
origin 
Location of 
ethanol 
plant(s) 
Data 
available 
for LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction 
of total 
ethanol 
provided 
by this 
supply 
chain 
STMSWWH1 wheat Sweden Norrköping Yes 
wood 
CHP 
DDGS 
animal 
feed 
19% 
STMSWSR1 
sulphite 
residues 
Sweden Örnsköldsvik No    
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Supply chain 
ID 
Feedstock 
Feedstock 
country of 
origin 
Location of 
ethanol 
plant(s) 
Data 
available 
for LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction 
of total 
ethanol 
provided 
by this 
supply 
chain 
STMBRSC1 sugar cane Brazil Sao Paulo Yes 
bagasse 
CHP 
vinasse 
spread 
on 
fields 
58% 
STMEUWR1 
wine 
residues 
EU undefined No    23% 
Data and information collected enabled calculation of GHG emissions factors for the supply 
chains based on Swedish wheat and Brazilian sugar cane. These calculations are summarised in 
Table 6-15 and Table 6-16. The supply chains based on sulphite residues and wine residues 
were not sufficiently well specified to allow GHG calculations. 
Table 6-15: Summary of life cycle GHG emissions inventory for supply chain STMSWWH1 
– ethanol on sale in Stockholm after production from wheat in Sweden 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG 
emissions 
kg CO2eq / 
GJ ethanol 
Feedstock 
production and 
preparation 
Wheat farming using mineral 
fertilizer, yielding 6t/ha; drying to 
14% moisture 
(Food and Agriculture 
Organization of the United 
Nations 2008a; Food and 
Agriculture Organization of the 
United Nations 2008b; IFDC 
Market Information Unit 2003; 
Statistiska centralbyrån, (Statistics 
Sweden) 2008) 
49 
Feedstock transport Average 100km 
Assumption based on plant size 
and location 
1 
Ethanol production 
435 litres ethanol per dry tonne 
wheat; heat supplied by biomass 
boiler, electricity from grid 
(European Environment Agency 
2007; Werling 2008) 
38 
Ethanol distribution 150 km 
(Norrköping Trade and Industry 
Office 2003) 
0.5 
Co-product credits 
DDGS co-product substitute for 
imported soya meal 
(Werling 2008) -15 
Total 42 
Percent reduction relative to petrol emissions: 51% 
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This wheat-to-ethanol supply chain provides greater GHG emissions reductions than most other 
wheat-based ethanol supply chains that do not use combined heat and power (CHP) for the 
ethanol plant energy supply. This is primarily as a result of the use of waste biomass (forest 
residue) as the source of heat for ethanol production. 
Table 6-16: Summary of life cycle GHG emissions inventory for supply chain STMBRSC1 
– ethanol on sale in Stockholm after production from sugarcane in Brazil and shipping to 
Sweden 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Sugarcane farming using mineral 
fertilizer, yielding 87 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; Macedo 
et al. 2008) 
17.7 
Feedstock 
transport 
average 23km (Macedo et al. 2008) 1.7 
Ethanol production 86.3 litres per tonne cane; bagasse 
CHP 
(Macedo et al. 2008) 1.1 
Ethanol 
distribution 
450km by road, 11500km by ship 
(Edwards et al. 2007b; Macedo et al. 
2008; Maritime Chain 2008) 
6.1 
Co-product credits 
credit for surplus bagasse (9.6% 
of total exported as replacement 
for fuel oil) 
(Macedo et al. 2008) -9.9 
Total 16.6 
Percent reduction relative to petrol emissions: 81% 
The calculations for the Brazil-based sections of this supply chain are based on a detailed life 
cycle study carried out in Brazil in 2008 (Macedo et al. 2008). 
Despite the shipping of ethanol from Brazil to Sweden, this ethanol supply chain provides 
considerable GHG emissions savings. These savings derive from the use of sugarcane residue 
(bagasse) for energy and a high yield of ethanol (7500 l/ha/yr) for a relatively modest nitrogen 
fertilizer input (mean 60 kg/ha/yr). 
6.4.4.2 Biofuel Region 
The Biofuel Region (BFR) reported that in 2006, 30% of the ethanol used in BFR was produced 
in Sweden and 70% was imported from within the EU. Three ethanol supply chains were 
identified for this site. 
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Table 6-17: Supply chains for bioethanol sold in Biofuel Region 
Supply 
chain ID 
Feedstock 
Feedstock 
country 
of origin 
Location of 
ethanol 
plant(s) 
Data 
available 
for 
LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-product 
usage / 
disposal 
Fraction 
of total 
ethanol 
provided 
by this 
supply 
chain 
BFRSWWH1 wheat Sweden Norrköping Yes wood chp DDGS Animal feed 
30% 
BFRSWSR1 sulphite residues Sweden Örnsköldsvik No    
BFREUWR1 wine residues EU undefined No    70% 
Enough data were obtained to calculate life cycle GHG emissions for the supply chain based on 
Swedish wheat (Table 6-18). 
Table 6-18: Summary of life cycle GHG emissions inventory for supply chain BFRSWWH1 
– ethanol on sale in Biofuel Region after production from wheat in Sweden 
Supply chain 
process 
Description Data and information sources 
Life-cycle GHG 
emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Wheat farming using mineral 
fertilizer, yielding 6t/ha; drying to 
14% moisture 
(Food and Agriculture Organization of 
the United Nations 2008a; Food and 
Agriculture Organization of the United 
Nations 2008b; IFDC Market 
Information Unit 2003; Statistiska 
centralbyrån, (Statistics Sweden) 2008) 
49 
Feedstock transport Average 100km 
Assumption based on plant size and 
location 
1 
Ethanol production 
435 litres ethanol per dry tonne 
wheat; heat supplied by biomass 
boiler, electricity from grid 
(European Environment Agency 2007; 
Werling 2008) 
38 
Ethanol distribution 600 km by road 
(Norrköping Trade and Industry Office 
2003) 
1.9 
Co-product credits 
DDGS co-product substitute for 
imported soya meal 
(Werling 2008) -15 
Total 43 
Percent reduction relative to petrol emissions: 50% 
The use of waste biomass (forest residue) as the source of heat for ethanol production 
contributes to significant GHG emissions savings for this supply chain. 
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6.4.4.3 Basque Country 
In 2006, 100% of the ethanol sold in Basque Country was produced in Spain. This ethanol was 
produced in three Spanish ethanol plants, using wheat and barley (Table 6-19). The proportions 
of wheat and barley used were not specified. 
 A detailed LCA study published in 2005 (Lechón Pérez et al 2005) provides GHG emissions 
information for ethanol supply chains based on ethanol production in Teixeiro, Galicia, using 
wheat as feedstock, and in Cartagena, Murcia, using barley as feedstock. GHG emissions 
calculations for these two supply chains are presented in Table 6-20 and Table 6-21. 
Detailed information was not available on ethanol production at the Salamanca plant. According 
to press reports, this plant was opened in April 2006, then suspended operations in September, 
2007, and was due to restart operations in late 2008 (CheckBiotech 2008; ethanolstatics.com 
2007). 
Table 6-19: Supply chains for bioethanol sold in Basque Country 
Supply 
chain ID 
Feedstock 
Feedstock 
country 
of origin 
Location of 
ethanol 
plant(s) 
Data 
available 
for 
LCA? 
Ethanol plant 
energy sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction 
of total 
ethanol 
provided 
by this 
supply 
chain 
BSQSPWH1 wheat Spain 
Teixeiro, 
Galicia 
Yes natural gas CHP 
DDGS, 
electricity 
DDGS 
for 
animal 
feed, 
electricity 
replacing 
grid mix 
unknown 
BSQSPBR1 barley Spain 
Cartagena, 
Murcia 
Yes natural gas CHP 
DDGS, 
electricity 
DDGS 
for 
animal 
feed, 
electricity 
replacing 
grid mix 
unknown 
BSQSPBR2 barley Spain 
Babilafuente, 
Salamanca 
No    unknown 
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Table 6-20: Summary of life cycle GHG emissions inventory for supply chain BSQSPWH1 
– ethanol on sale in Basque Country after production from wheat in Teixeiro, Galicia, 
Spain 
Supply chain 
process 
Description Data and information sources 
Life-cycle GHG 
emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Wheat farming using mineral 
fertilizer, yielding 3.4t/ha; drying 
to 14% moisture 
(Lechón Pérez et al. 2005) 64.8 
Feedstock transport 400km (Lechón Pérez et al. 2005) 3.5 
Ethanol production 
450 litres ethanol per dry tonne 
wheat; energy supplied by natural 
gas-fired gas turbine and recovery 
boiler 
(Lechón Pérez et al. 2005) 62.1 
Ethanol distribution 
520 km by road (Teixeiro to 
Bilbao) 
(Lechón Pérez et al. 2005) 1.7 
Co-product credits 
DDGS co-product substitute for 
imported soya meal, exported 
electricity replaces grid electricity 
(Lechón Pérez et al. 2005) -49.7 
Total 82.3 
Percent reduction relative to petrol emissions: 4.1% 
Table 6-21: Summary of life cycle GHG emissions inventory for supply chain BSQSPBR1 
– ethanol on sale in Basque Country after production from barley in Cartagena, Murcia, 
Spain 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Barley farming using mineral 
fertilizer, yielding 3.0/ha; drying 
to 14% moisture 
(Lechón Pérez et al. 2005) 62.5 
Feedstock 
transport 
600km (Lechón Pérez et al. 2005) 6.3 
Ethanol production 
382 litres ethanol per dry tonne 
barley; energy supplied by natural 
gas-fired gas turbine and recovery 
boiler 
(Lechón Pérez et al. 2005) 60.4 
Ethanol 
distribution 
835 km by road (Cartagena to 
Bilbao) 
(Lechón Pérez et al. 2005) 2.6 
Co-product credits 
DDGS co-product substitute for 
imported soya meal, exported 
electricity replaces grid electricity 
(Lechón Pérez et al. 2005) -56.6 
Total 75.2 
Percent reduction relative to petrol emissions: 12.4% 
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The GHG emissions reductions calculated for the ethanol supply chains in Table 6-20 and Table 
6-21 above are very modest, and substantially lower than those calculated by Lechón Pérez et al 
(2005). Lechón Pérez et al (2005) do not provide explicit, per GJ, net GHG emissions figures 
for the fuels, but go on to calculate net reductions per km using E85 and E5 based on ethanol 
derived from both plants in the ratio 56% from Teixeiro to 44% from Cartagena. The calculated 
GHG emissions reductions for E85 are given as 70%. One reason for the difference in results 
between these two studies is that the current study does not apply a credit for net carbon fixation 
in the soil, while the Lechón Pérez study applies credits of 520.86 kg CO2/ha for wheat 
(equivalent to 19.2 kg CO2/GJ ethanol) and 453.79 kg CO2/ha for barley (equivalent to 22.6 kg 
CO2/GJ ethanol). For this study, it was felt there was insufficient evidence of continued soil 
carbon increases over successive crop cycles to justify such a credit. 
The different approaches to soil carbon fixation does not appear to be enough to account for the 
different results produced by these two studies. A full explanation for the differences has not 
been established, but is expected to require data not provided in the Lechón Pérez et al study 
document. 
6.4.4.4 Madrid 
The Madrid site was not able to provide complete supply chain data, but reported that all the 
ethanol consumed in Madrid in 2006 was produced in Spain. The ethanol supply chains 
identified (Table 6-22) were almost identical to those identified for the Basque Country, being 
based on the same feedstock and ethanol production plants. The Madrid supply chains had 
different final fuel distribution distances from the Basque chains. GHG emissions calculations 
for Madrid ethanol supply chains originating in Teixeiro, Galicia, and Cartagena, Murcia, are 
presented in Table 6-23 and Table 6-24. 
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Table 6-22: Supply chains for bioethanol sold in Madrid 
Supply 
chain ID 
Feedstock 
Feedstock 
country of 
origin 
Location of 
ethanol 
plant(s) 
Data 
available 
for 
LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction of 
total 
ethanol 
provided 
by this 
supply 
chain 
MDRSPWH1 wheat Spain Teixeiro, 
Galicia 
Yes natural gas 
CHP 
DDGS, 
electricity 
DDGS for 
animal 
feed, 
electricity 
replacing 
grid mix 
unknown 
MDRSPBR1 barley Spain Cartagena, 
Murcia 
Yes natural gas 
CHP 
DDGS, 
electricity 
DDGS for 
animal 
feed, 
electricity 
replacing 
grid mix 
unknown 
MDRSPBR2 barley Spain Babilafuente, 
Salamanca 
No    
unknown 
Table 6-23: Summary of life cycle GHG emissions inventory for supply chain MDRSPWH1 
– ethanol on sale in Madrid after production from wheat in Teixeiro, Galicia, Spain 
Supply chain 
process 
Description Data and information sources 
Life-cycle GHG 
emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Wheat farming using mineral fertilizer, 
yielding 3.4t/ha; drying to 14% 
moisture 
(Lechón Pérez et al. 2005) 64.8 
Feedstock transport 400km (Lechón Pérez et al. 2005) 3.5 
Ethanol production 
450 litres ethanol per dry tonne wheat; 
energy supplied by natural gas-fired gas 
turbine and recovery boiler 
(Lechón Pérez et al. 2005) 62.1 
Ethanol distribution 550 km by road (Teixeiro to Madrid) (Lechón Pérez et al. 2005) 1.7 
Co-product credits 
DDGS co-product substitute for 
imported soya meal, exported electricity 
replaces grid electricity 
(Lechón Pérez et al. 2005) -49.7 
Total 82.4 
Percent reduction relative to petrol emissions: 4.0% 
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Table 6-24: Summary of life cycle GHG emissions inventory for supply chain MDRSPBR1 
– ethanol on sale in Madrid after production from barley in Cartagena, Murcia, Spain 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Barley farming using mineral 
fertilizer, yielding 3.0/ha; drying 
to 14% moisture 
(Lechón Pérez et al. 2005) 62.5 
Feedstock 
transport 
600km (Lechón Pérez et al. 2005) 6.3 
Ethanol production 
382 litres ethanol per dry tonne 
barley; energy supplied by natural 
gas-fired gas turbine and recovery 
boiler 
(Lechón Pérez et al. 2005) 60.4 
Ethanol 
distribution 
450 km by road (Cartagena to 
Madrid) 
(Lechón Pérez et al. 2005) 1.4 
Co-product credits 
DDGS co-product substitute for 
imported soya meal, exported 
electricity replaces grid electricity 
(Lechón Pérez et al. 2005) -56.6 
Total 74.0 
Percent reduction relative to petrol emissions: 13.8% 
As with the Basque Country supply chains, the GHG emissions reductions calculated for the 
Madrid ethanol supply chains are very modest, and substantially lower than those calculated by 
Lechón Pérez, et.al (2005). 
6.4.4.5 Rotterdam 
The Rotterdam site reported that 100% of the fuel ethanol consumed in Rotterdam in 2006 was 
produced in the Netherlands, at a single plant in Bergen op Zoom. Sugar beet and wheat slurry 
were used as feedstock (Table 6-25). The proportions of ethanol produced from the different 
feedstock are not known. The Rotterdam site partners were not able to provide detailed supply 
chain details, but a detailed LCA study for a UK sugar beet ethanol plant was used along with 
data from various Netherlands sources to develop a supply chain description for GHG emissions 
calculations.  These calculations are summarised in Table 6-26. No detailed information was 
available for calculations on the wheat slurry supply chain. 
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Table 6-25: Supply chains for bioethanol sold in Rotterdam 
Supply 
chain ID 
Feedstock 
Feedstock 
country of 
origin 
Location 
of 
ethanol 
plant(s) 
Data 
available 
for 
LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction of 
total 
ethanol 
provided 
by this 
supply 
chain 
RTMNDSB1 sugar beet Netherlands 
Bergen 
op Zoom 
Yes 
Assumed 
natural gas 
boiler and 
grid 
electricity 
Sugar beet 
pulp, lime Sugar beet 
pulp animal 
feed 
unknown 
RTMNDWS1 
wheat 
slurry15  
Netherlands 
Bergen 
op Zoom 
No 
 
 
 unknown 
Table 6-26: Summary of life cycle GHG emissions inventory for supply chain RTMNDSB1 
– ethanol on sale in Rotterdam after production from sugar beet in Bergen op Zoom, 
Netherlands 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Sugar beet farming using mineral 
fertilizer, yielding 62 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; IFDC 
Market Information Unit 2003; 
Mortimer et al. 2004) 
17.6 
Feedstock transport 75 km one-way 
(Institute of Sugar Beet Research 
2006) 
5.6 
Ethanol production 
95 litres ethanol per tonne sugar 
beet; energy supplied by natural 
gas-fired boiler and grid electricity 
(Mortimer et al. 2004) 42.2 
Ethanol 
distribution 
Road distance Bergen op Zoom to 
Rotterdam, 75 km 
(R.A.C. Motoring Services 2008) 0.4 
Co-product credits sugar beet pulp as animal feed, lime 
for agricultural use 
(Mortimer et al. 2004) -20.1 
Total 45.6 
Percent reduction relative to petrol emissions: 47% 
With a high ethanol yield of 5900 litres per hectare (with nitrogen fertilizer input 108 kg/ha), 
this production chain shows significant net GHG emissions savings per GJ of ethanol. 
6.4.4.6 Brandenburg 
The Brandenburg site respondents were not able to identify all ethanol supply chains in the 
region, but managed to provide detailed data for life cycle calculations for three supply chains. 
These supply chains were based on varying proportions of rye, wheat and triticale, processed in 
three ethanol plants in Eastern Germany (Table 6-27). 
                                                     
15
 starchy residues from wheat processing 
Chapter 6: The BEST bioethanol case studies 
184 
 
Table 6-27: Supply chains for bioethanol sold in Brandenburg 
Supply 
chain ID 
Feedstock 
Feedstock 
country of 
origin 
Location 
of ethanol 
plant(s) 
Data 
available 
for LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction of 
total 
ethanol 
provided 
by this 
supply 
chain 
BRDGR
RW1 
rye, wheat, 
triticale 
Germany 
Seyda, 
Saxony-
Anhalt 
Yes 
fuel oil, 
grid 
electricity 
distillers' 
grains, 
slurry 
animal 
feed 
unknown 
BRDGR
RW2 
rye, wheat, 
triticale 
Germany 
Schraden, 
Brandenb
urg 
Yes 
biogas for 
heat and 
electricity 
distillers' 
grains 
animal 
feed 
unknown 
BRDGR
RW3 
rye, wheat, 
triticale 
Germany 
Zörbig, 
Saxony-
Anhalt 
Yes 
natural 
gas, grid 
electricity 
distillers' 
grains 
animal 
feed 
unknown 
 
The ethanol producers in Brandenburg indicated that they routinely produce ethanol using 
combinations of rye, triticale and wheat, so each supply chain calculation for this site is based 
on a specified mixture of these grains as feedstock, with average farming input and yield values 
to represent the specified feedstock combination. The full supply chain calculations are 
summarized in Table 6-28, Table 6-29 and Table 6-30. 
Table 6-28: Summary of life cycle GHG emissions inventory for supply chain BRDGRRW1 
– ethanol on sale in Brandenburg after production from rye, triticale and wheat in Seyda, 
Saxony-Anhalt, Germany 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG 
emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Farming of wheat, rye and 
triticale using mineral fertilizer, 
average yield 5.5 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; Seyda 
Ethanol Plant and Wagener-Lohse 
2007) 
39.6 
Feedstock 
transport 
average 15 km by road 
(Seyda Ethanol Plant and Wagener-
Lohse 2007) 
0.1 
Ethanol production 360 litres per tonne grain; oil-
fired boiler and grid electricity 
(Seyda Ethanol Plant and Wagener-
Lohse 2007) 
25.3 
Ethanol 
distribution 
average 300km by road 
(Seyda Ethanol Plant and Wagener-
Lohse 2007) 
1.0 
Co-product credits distiller's wet grains and slurry 
animal feed replace soya meal 
(Seyda Ethanol Plant and Wagener-
Lohse 2007) 
-15.9 
Total 50.1 
Percent reduction relative to petrol emissions: 42% 
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The Seyda supply chain calculation is based on a feedstock composed of 80% rye, 10% triticale 
and 10% wheat. Ethanol produced at the Seyda plant achieves a significant level of GHG 
emissions reductions despite using light fuel oil and grid electricity to provide the energy 
requirements of the ethanol production process. The availability of a ready market for the wet 
distiller’s grains and slurry co-products obviates the need for the energy-intensive drying 
operations normally used to produce distiller’s dried grains and solubles (DDGS). The Seyda 
plant energy usage per tonne of ethanol produced is about 60% that of a typical modern ethanol 
plant that also produces DDGS. Drying and evaporation normally account for about 40-45% of 
ethanol plant energy usage (Jacques et al. 2003a). 
Table 6-29:Summary of life cycle GHG emissions inventory for supply chain BRDGRRW2 
– ethanol on sale in Brandenburg after production from rye, triticale and wheat in 
Schraden, Brandenburg, Germany 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Farming of wheat, rye and triticale 
using mineral fertilizer, average 
yield 6.2 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; 
Schraden Biogas Plant and Wagener-
Lohse 2007) 
38.1 
Feedstock 
transport 
average 30 km by road 
(Schraden Biogas Plant and 
Wagener-Lohse 2007) 
0.3 
Ethanol production 350 litres per tonne grain; biogas 
CHP 
(Schraden Biogas Plant and 
Wagener-Lohse 2007) 
2.5 
Ethanol 
distribution 
average 300km by road 
(Schraden Biogas Plant and 
Wagener-Lohse 2007) 
0.9 
Co-product credits 
distiller's wet grains for animal 
feed as replacement for soya meal, 
fusel oil to biogas for heat and 
electricity 
(Schraden Biogas Plant and 
Wagener-Lohse 2007) 
-15.5 
Total 26.4 
Percent reduction relative to petrol emissions: 69% 
The Schraden supply chain is based on design phase specifications and calculations for a grain-
based ethanol plant that uses biogas for all its heat and electricity needs. The feedstock 
composition is 40% wheat, 30% triticale and 30% rye. The biogas is produced in an adjacent 
plant using manure and organic wastes, supplemented with smaller amounts of fusel oil
16
 and 
other residues from the ethanol production process. The main co-products of ethanol production 
are distiller’s wet grains and slurry. 
For these calculations, biogas is considered a carbon-neutral fuel. This is a conservative 
approach, compared with many major studies (Edwards et al. 2007a), which apply significant 
                                                     
16
 A volatile, oily mixture consisting largely of amyl alcohols, produced in small quantities during alcoholic 
fermentations 
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credits for avoided methane emissions from alternative disposal of biogas feedstock, making 
biogas fuel carbon-negative. The alternative destination of the biogas feedstock in the case of 
Schraden would have been burning, since previous disposal options (animal feed for some 
residues, and land filling) are no longer allowed (Schraden Biogas Plant and Wagener-Lohse 
2007). 
Table 6-30: Summary of life cycle GHG emissions inventory for supply chain BRDGRRW3 
– ethanol on sale in Brandenburg after production from rye, triticale and wheat in Zörbig, 
Saxony-Anhalt, Germany 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Farming of wheat, rye and triticale 
using mineral fertilizer, average 
yield 7 t/ha 
(Zörbig Ethanol Plant and Wagener-
Lohse 2007) 
34.5 
Feedstock 
transport 
average 80km, using biodiesel 
(Zörbig Ethanol Plant and Wagener-
Lohse 2007) 
0.5 
Ethanol production 
380 litres per tonne grain; natural 
gas-fired boiler and grid 
electricity 
(Zörbig Ethanol Plant and Wagener-
Lohse 2007) 
27.0 
Ethanol 
distribution 
300 km; 70% by train, 30% by 
road 
(Zörbig Ethanol Plant and Wagener-
Lohse 2007) 
0.5 
Co-product credits DDGS as animal feed, replacing 
soya 
(Zörbig Ethanol Plant and Wagener-
Lohse 2007) 
-14.6 
Total 48.4 
Percent reduction relative to petrol emissions: 44% 
The Zörbig supply chain uses 57 % rye, 30% wheat and 13% triticale as feedstock. The ethanol 
plant uses natural gas and grid electricity. The use of biodiesel for feedstock transport and some 
train transport for ethanol distribution provides some GHG reductions relative to the more 
typical diesel-based road transport, but these supply chain processes normally contribute small 
proportions of the total emissions burdens anyway. The average agricultural yields are relatively 
high (7t/ha) while the nitrogen fertilizer inputs are modest (120 kg N/ha) – these values are 
consistent with those reported by the FAO (Food and Agriculture Organization of the United 
Nations 2008b). This high efficiency of nitrogen use, along with ethanol plant energy 
consumption at the low end of the range expected for modern plants, gives this supply chain a 
favourable GHG emissions performance. 
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6.4.4.7 La Spezia 
The La Spezia site did not provide detailed supply chain information, but identified two supply 
chains for ethanol into the site. There was no fuel ethanol on sale in La Spezia in 2006, and the 
supply chains referred to here came into being in 2007. These are based on surplus wine in 
Sicily, and sugarcane-based Brazilian ethanol shipped to Sweden and then transported to La 
Spezia (Table 6-31). During this study, no data was found on the wine-based ethanol supply 
chain. The GHG emissions calculations for the ethanol supply chain from Brazil to La Spezia 
via Sweden is summarised in Table 6-32. 
Table 6-31: Supply chains for bioethanol sold in La Spezia 
Supply 
chain ID 
Feedstock 
Feedstock 
country of 
origin 
Location 
of 
ethanol 
plant(s) 
Availabil
ity of 
data for 
LCA? 
Ethanol 
plant 
energy 
sources 
Co-
products 
Co-
product 
usage / 
disposal 
Fraction of 
total ethanol 
provided by 
this supply 
chain 
LSPITWR1 
surplus 
wine 
Italy Sicily No    unknown 
LSPSWSC1 sugar cane Brazil Brazil** Yes 
bagasse 
CHP 
vinasse 
spread 
on fields 
unknown 
*2007 supply chains 
** via Sweden 
 
Table 6-32: Summary of life cycle GHG emissions inventory for supply chain LSPSWSC1 
– ethanol on sale in La Spezia after production from sugarcane in Brazil, shipping to 
Sweden and road transport to La Spezia 
Supply chain 
process 
Description Data and information sources 
Life-cycle GHG 
emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Sugarcane farming using mineral 
fertilizer, yielding 87 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; 
Macedo et al. 2008) 
17.7 
Feedstock 
transport 
average 23km (Macedo et al. 2008) 1.7 
Ethanol production 86 litres per tonne cane; bagasse 
CHP 
(Macedo et al. 2008) 1.1 
Ethanol 
distribution 
2710km by road, 11500km by 
ship 
(Edwards et al. 2007b; Macedo et al. 
2008; Maritime Chain 2008) 
13.2 
Co-product credits credit for surplus bagasse (Macedo et al. 2008) -9.9 
Total 23.8 
Percent reduction relative to petrol emissions: 72% 
Despite 11500 km of shipping and 2710 km of transport by road, this supply chain still provides 
large GHG savings compared with petrol. This favourable emissions performance results 
principally from the substantial GHG emissions savings provided by Brazilian sugarcane-based 
ethanol, which in turn result from the use of sugarcane residues (bagasse) for heat and power in 
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the ethanol plants, and from the high yields of fermentable sugars produced by sugarcane, using 
mineral nitrogen fertilizer applications that are relatively modest compared with those typically 
used in cereal farming. The high GHG savings of this supply chain also highlight the relatively 
low GHG emissions produced by long-distance shipping per unit weight and distance shipped. 
In fact, 65% of the GHG emissions from ethanol distribution in this supply chain result from 
road transportation, with the remaining 35% generated by shipping. If this supply chain were 
modified to reduce the amount of road-based distribution, it could achieve a significant further 
reduction in net GHG emissions. 
6.4.4.8 Somerset 
The Somerset site has not provided detailed supply chain information, but has indicated that 
100% of the ethanol in use in the site in 2006 originated in Brazil (Table 6-33). It was therefore 
possible to calculate net GHG emissions from ethanol on sale in Somerset. These calculations 
are summarised in Table 6-34. 
Table 6-33: Supply chains for bioethanol sold in Somerset 
Supply 
chain ID 
Feedstock 
Feedstock 
country of 
origin 
Location 
of 
ethanol 
plant(s) 
Data 
available 
for 
LCA? 
Ethanol 
plant energy 
sources 
Co-
products 
Co-product 
usage / 
disposal 
Fraction 
of total 
ethanol 
provided 
by this 
supply 
chain 
SMSBRSC1 sugar cane Brazil Sao Paulo Yes bagasse CHP vinasse spread on fields 100% 
Table 6-34: Summary of life cycle GHG emissions inventory for supply chain SMSBRSC1 
– ethanol on sale in Somerset after production from sugarcane in Brazil and shipping to 
the UK 
Supply chain 
process 
Description Data and information sources 
Life-cycle 
GHG emissions 
kg CO2eq / GJ 
ethanol 
Feedstock 
production and 
preparation 
Sugarcane farming using mineral 
fertilizer, yielding 69 t/ha 
(Food and Agriculture Organization 
of the United Nations 2008b; Macedo 
et al. 2008) 
17.7 
Feedstock 
transport 
average 20km (Macedo et al. 2008) 1.7 
Ethanol production 89 litres per tonne cane; bagasse 
CHP 
(Macedo et al. 2008) 1.1 
Ethanol 
distribution 
450km by road, 9600km by ship 
(Edwards et al. 2007b; Macedo et al. 
2008; Maritime Chain 2008) 
5.3 
Co-product credits credit for surplus bagasse (Macedo et al. 2008) -9.9 
Total 15.9 
Percent reduction relative to petrol emissions: 81% 
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Sugarcane-based Brazilian ethanol, produced in residue-fired ethanol plants, provide large GHG 
emissions savings, of which only a small fraction is cancelled by the additional GHG emissions 
generated in shipping this fuel to Somerset. 
6.5 Conclusions 
The case studies described in this chapter illustrate, through practical examples, the extensive 
data collection requirements and methodological challenges typically involved in carrying out 
GHG assessments of biofuels. They also highlight the types of compromises that are often made 
between reliability and practicality in such assessments. It is not usually feasible to carry out or 
obtain precise measurements for all processes that need to be analysed in any given assessment. 
Data used in practical assessments are therefore normally derived from different types of 
sources, including direct measurements, modelling and simulation, estimates from the literature 
and expert judgement. The feasibility of meaningful assessments depends on the availability of 
reliable data; inadequate reliability of significant data inputs may preclude the generation of 
reliable results, and carrying out assessments in such cases is inadvisable until more reliable 
data can be obtained (as, for example, in the case of the Nanyang ethanol pathways investigated 
for the BEST case studies). In other cases, useful comparisons among biofuel pathways and 
between those pathways and their fossil fuel alternatives may be possible despite the existence 
of a common, significant uncertainty in the biofuel GHG assessment – this was the case for the 
GHG assessments of the BEST ethanol pathways presented in this chapter. There were 
significant uncertainties associated with estimates of soil N2O emissions in those assessments, 
but if those uncertainties are acknowledged and made explicit, it is possible to compare the 
pathways on the basis of the consequent results ranges. Figure 6-19 compares the calculated life 
cycle GHG emissions for the thirteen ethanol pathways analysed, with uncertainty ranges added 
to indicate the effects of utilising the IPCC defaults for soil N2O emissions in the pathway 
calculations. Omission of land use change impacts in these assessments is another source of 
significant uncertainty; in this case, the GHG emissions comparisons only hold for those 
situations with negligible land use change impacts. With qualifications regarding the overall 
uncertainty and limitations of applicability of the results, these GHG assessments highlight a 
number of important facts about the GHG impacts of the assessed ethanol supply chains. 
The GHG benefits of using a litre of ethanol instead of the equivalent quantity of petrol are 
clearly very dependent on the source of the ethanol. The GHG benefits of ethanol on sale in 
Europe over the study period varied considerably. The ethanol supply chains that are most 
effective for GHG emissions mitigation are those that are most efficient at reducing GHG 
emissions from what are typically the most GHG-intensive processes in ethanol production - the 
use of mineral nitrogen fertilizers for feedstock production and the use of energy in the ethanol 
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plant. 
 
Figure 6-19: Life cycle GHG emissions for the thirteen bioethanol supply chains 
analyzed, with uncertainty ranges resulting from adoption of IPCC defaults for soil N2O 
emissions, and comparison with petrol (GHG emissions value and uncertainty range for 
petrol from Edwards et al (2007)) 
The manufacture of mineral nitrogen fertilizer is very GHG-intensive, and applications of 
nitrogen fertilizer increase the emissions of the potent GHG nitrous oxide (N2O) from soils, so 
the use of nitrogen fertilizer in ethanol production is a major determinant of the GHG-intensity 
of the entire supply chain. Where nitrogen is used in ethanol feedstock production, the 
efficiency in terms of crop yield per unit of nitrogen applied should be maximised. 
Ethanol production requires energy in the form of heat and electricity. The GHG-intensity of 
ethanol production is lower in those plants that use less energy per unit of ethanol production, or 
use low-carbon forms of energy supply. Many modern ethanol plants use a range of heat 
recovery and other efficiency measures to minimize energy use. Grain-based ethanol plants 
usually dry the non-starch residues of the grain to produce DDGS, a valuable animal feed. 
However, the drying process for producing DDGS normally consumes around 40% of the total 
energy in a modern grain-based ethanol plant (Jacques et al. 2003b). Where conditions allow, 
elimination of this energy-intensive drying process and production of wet distillers grains with 
solubles (WDGS) instead results in considerable reductions in GHG emissions. Whether the co-
production of WDGS is feasible or not, the use of low-carbon forms of energy such as biomass 
and biogas-based heat and electricity can produce some of the greatest reductions in GHG 
emissions from ethanol production. 
15.9
42.0
16.6
43.0
82.3
75.2
82.4
74.0
45.6
50.1
26.4
48.3
23.8
85.8
0
20
40
60
80
100
120
140
160
180
200
Li
fe
 c
yc
le
 G
H
G
 e
m
is
si
o
n
s,
 k
gC
O
2
e
q
/G
J 
e
th
an
o
l
Chapter 6: The BEST bioethanol case studies 
191 
 
The high GHG emissions savings calculated for Brazilian sugarcane-based ethanol, even after 
accounting for transportation from South America to Europe, indicate that supply chains based 
on such sugarcane-based ethanol can play a significant role in mitigating the growth in GHG 
emissions from transport in Europe. However, ethanol produced in Europe from European 
feedstock, using low-carbon energy supplies and with efficient use of nitrogen fertilizer, has 
also been shown to offer significant GHG emissions savings. 
The wide range of GHG impacts of the BEST ethanol supply chains serves to highlight the 
importance of selecting and promoting appropriate ethanol production and distribution 
pathways to achieve GHG reduction objectives. Of the ethanol supply chains analysed, the most 
effective for reducing GHG emissions (before considering the effects of possible land use 
change) are those that use renewable energy to supply the production process, and use nitrogen 
fertilizer efficiently. Ethanol produced from sugarcane in Brazil was the basis for most of the 
best performing supply chains, but European ethanol produced using renewable energy and with 
high nitrogen use efficiency, also achieved high GHG emissions reductions. 
Comment on methodology and reliability 
Given the extensive data requirements for reliable GHG assessments as set out in chapter 2, this 
was a very ambitious GHG assessment exercise, attempting to evaluate all ethanol supply 
chains in Europe. Firsthand detailed data could not be obtained for some supply chain segments, 
and estimates from more general data sources had to be used in those cases (for example, the 
use of UK-based sugar beet ethanol plant data for the Rotterdam calculations). The decreased 
reliability of assessments based on such assumptions is acknowledged, although for the 
purposes of the BEST evaluation, it was felt that the compromises made were consistent with 
the existing situation as regards availability of resources for the assessment and the need to 
produce an assessment with indicative biofuel pathway GHG emissions values.  
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Chapter 7  
Conclusions and Recommendations  
7.1 Introduction and Objectives 
This chapter outlines conclusions drawn from this research about the potential and actual 
reliability of biofuel GHG assessments, and summarises the contributions of this research to 
understanding of the principles and practice of biofuel GHG assessments. It summarises 
recommendations for carrying out these assessments and interpreting their results. On the basis 
of this research, a set of guidelines for maximising reliability of biofuel GHG assessments and 
for assessing the reliability of assessment results is presented. These guidelines take account of 
the limitations set by available data, assessment methodologies and scientific knowledge.  
7.2 Conclusions 
Biofuel GHG assessments are essential for determination of the net GHG emissions of biofuel 
production and use pathways, and the reliability of these assessments is critical for accurate 
identification of specific pathways that can provide real GHG reduction benefits as substitutes 
for fossil fuels. Assessments carried out over the years have improved our understanding of the 
GHG impacts of biofuels, but there are still significant uncertainties associated with assessment 
results, and these uncertainties limit our ability to draw firm conclusions from comparisons of 
GHG impacts among biofuels and between biofuels and fossil fuels. There is a need for 
improved reliability of biofuel GHG assessments. Significant uncertainties result mainly from 
imprecise or inaccurate definitions of the full biofuel production and use pathways, subjective 
elements in assessment methodology and inadequate models of important GHG-emitting 
processes. There are approaches for minimizing these uncertainties, subject to practical 
limitations. More generally, systematic application of a reliability framework can be utilized to 
optimise reliability of GHG assessments within the limits of available knowledge and methods.  
Imprecise or inaccurate specification of fuel pathways can lead to widely varying GHG 
assessments results for apparently identical fuels, as in the six studies of US corn ethanol 
analysed by Farrell et al (2006). Precise identification of all life cycle processes linked to the 
batch of biofuel being analysed, with specifications of locations, times and technical 
characteristics, will reduce uncertainty and avoid improper application of assessment results. 
Including indications of the level of genuine system variability in descriptions of biofuel GHG 
impacts can also help to avoid incorrect generalisations. 
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Alternative options for assigning GHG emissions among co-products can lead to very different 
assessment results for the same biofuel. This reflects differences in the bases for adopting the 
different options as well differences in completeness and quality of the data used in the 
assignments. If reliable information is available on the displacement effects of a particular 
multi-product pathway on other product pathways, the boundaries of the assessment should be 
expanded to account for those effects and calculations made of the net effects of the production 
of the different co-products on the net GHG emissions of the shared pathways. If reliable 
information is not available on the displacement impacts of the co-products, economic 
allocation can be applied to approximate the relative contributions of the co-products to the 
causation of the realization of the shared pathway and therefore to approximate the relative 
contributions to the GHG emissions from the shared pathway. In all cases the method, 
assumptions and data used in assigning GHG emissions among co-products should be clearly 
specified and an indication of their reliability should be provided. 
Carrying out assessments with high accuracy can be very challenging. An assessment that 
accurately accounts for all direct and indirect impacts of the biofuel life cycle would normally 
be so extensive that it is impractical. Appropriate cut-off criteria will ensure that the truncations 
that make the assessment manageable allow it to remain accurate.  
The most significant sources of scientific uncertainty and modelling inadequacy in biofuel GHG 
emissions are in estimates of soil N2O emissions and land use change-induced GHG emissions. 
Soil N2O emissions are highly variable and dependent on a number of factors, and 
representative direct measurements are not usually available. In the absence of measurement 
data, it is common to assume a linear dependence of soil N2O emissions on the quantity of 
nitrogen fertilizer applied, usually based on IPCC Tier 1 default factors. This simplification is 
recognized to be very crude. In reality, the N2O-N fertilizer relationship is likely to be non-
linear, and the very wide uncertainty ranges associated with the simplification considerably 
limits the usefulness of GHG assessment results for pathways for which soil N2O emissions 
constitute a significant proportion of total GHG emissions. Estimates of N2O emissions can be 
improved with site-specific modelling that takes account of the impacts of local factors such as 
soil properties, crop type, weather, fertilizer type and agronomic management. The publicly 
available DNDC biogeochemistry simulation model takes account of such local factors, and 
offers much-improved precision over the crude IPCC defaults, although the uncertainties 
associated with its estimates may still be significant (for example, Punter et al (2004) used 
DNDC with data inputs for cultivation of wheat in the UK, and produced an estimate for soil 
N2O emissions with an estimated error range of ±30% at the 80% confidence limits) and 
collection of the data inputs required for simulations may present considerable challenges. 
Nevertheless, optimising reliability of GHG assessments requires adoption of the best available 
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representations of GHG-emitting processes, and for soil N2O emissions, in the absence of 
representative measurements, DNDC or similar site-specific, validated modelling tools provide 
the best available representations. In the absence of representative direct measurements, such 
models should be taken as the default soil N2O estimation methods in all GHG assessments of 
crop-based biofuels, to be adopted unless data availability and study resources render their 
application unfeasible. 
Soil and plant carbon releases resulting from land use change for biofuel crop production remain 
major sources of uncertainty in many biofuel GHG assessments. As noted in Section 3.1.12, 
estimates of soil carbon storage and rates of loss are very uncertain, so models of emissions 
resulting from direct land use change have high uncertainty, while models of emissions 
resulting from indirect land use change involve these same uncertainties in addition to forecasts 
of the quantities, locations and times of indirect displacements, making indirect land use change 
estimates even more uncertain. Moreover, calculating land use change-induced CO2 emissions 
per unit of biofuel produced also requires estimation of the total quantity of biofuel that will be 
produced from the land over time (with possible time discounting issues). As noted in the 
Fargione et al (2008) and Searchinger et al (2008) studies, the CO2 releases that result from land 
use changes can be very large, so the associated uncertainties in biofuel GHG assessments 
cannot be ignored, but reliable quantifications of such emissions are generally not available. 
Biofuel GHG assessments carried out without consideration of land use changes should be 
qualified as being applicable only to scenarios without appreciable land use change, while 
general impacts of different types of land conversions may also be noted, such as the high levels 
of CO2 releases typical of conversion of native ecosystems to cropland and the comparative 
benefits of feedstock production on carbon-poor land.  
More generally, the answer derived in this research to the research question: What specific 
conditions must any assessment of the greenhouse gas emissions resulting from production and 
use of a biofuel meet in order to optimise the reliability of its results within the limits of 
currently available knowledge?, may be given as:  
To optimise reliability, a biofuel GHG assessment should possess capabilities that approach as 
close as possible those of the ideal assessment described in chapter 2. Specifically, the 
assessment should be compared against the ideal in each category of the framework below. 
Design and evaluation of every biofuel GHG assessment should involve a systematic analysis of 
the assessment methodology to determine how well its features and functionalities provide 
optimal reliability in each of these benchmark categories.   
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Table 7-1: Benchmarks for GHG assessment methodology 
1. Precision of fuel chain specification 
2. Completeness of emissions source coverage 
3. Differentiation of baseline 
4. Accounting for emissions among co-products 
5. Equivalence of functional reference 
6. Transparency of method 
Reliable GHG assessments of biofuels require very precise specifications of the systems being 
described, with clear definitions of the limitations of applicability of the assessment results, 
explanations of the methodological choices adopted and their implications, and 
acknowledgement of the limits set by all relevant scientific uncertainty. 
7.3 Contributions of this research 
Driven by the need for reliable methods of determining the true net GHG impacts of transport 
biofuels and observed shortcomings in existing GHG assessments of biofuels, the research 
presented in this thesis has contributed a new, fundamental analysis of the requirements and 
limitations of biofuel GHG assessments, together with a new set of guidelines and a software 
tool designed to optimise the reliability of those assessments within the limits of current 
knowledge and modelling capabilities. It has also produced an assessment of the relative GHG 
impacts of different fuel ethanol supply chains in Europe and contributed to the still 
insubstantial body of knowledge on the relative fuel efficiency and GHG emissions 
performance of FFVs running on petrol and ethanol blends. The nature and importance of these 
contributions are summarised below. 
Fundamental analysis of requirements and limitations of biofuel GHG assessments – this 
work has derived a set of essential methodological requirements of biofuel GHG assessments 
using a first-principles approach: starting with the goals and uses of biofuel GHG assessments, 
it identified questions that GHG assessments are intended to answer, and specified the 
capabilities of a theoretical, ideal assessment that would answer those questions with complete, 
verifiable accuracy. Such an ideal assessment would be able to  
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 precisely specify the batch of fuel being analysed by its full chain of production and 
use, with location, time, scale and technical characteristics identified for all processes 
along the chain  
 identify and quantify all greenhouse gas emissions and sequestrations concomitant with 
the realization of the full chain of production and use of the biofuel  
 differentiate between those GHG emissions that are concomitant with the realization of 
the biofuel production and use pathway and those that would still have occurred if the 
biofuel pathway had not been realized 
 allocate, on the basis of logical causation, between those emissions that are attributable 
to the biofuel and those that are attributable to any co-products that are generated along 
with the biofuel pathway 
 present calculation results with reference to unit quantities of useful function derived 
from the biofuel pathway, as the basis for fair comparisons between alternative fuels, 
with identical functions provided by the pathways being compared 
These ideal assessment capabilities provide a standard against which the functionalities of 
practical biofuel GHG assessments may be judged, in order to evaluate the reliability of those 
practical assessments. The availability of such a benchmark is of great importance for a 
fundamental understanding of the extent to which any practical biofuel GHG assessment truly 
reflects the GHG impacts of a biofuel. 
The fundamental analysis developed in this research also identified aspects of the ideal 
assessment that are difficult or impossible to realize in practice, and considered approaches for 
maximizing the extent to which practical GHG assessments approximate the ideal. These are 
summarised in Table 7-2 below.  
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Table 7-2: Summary of fundamental assessment of requirements and limitations of biofuel GHG assessments 
Capability of ideal assessment Limitations in practical assessment Approaches for maximising reliability within practical limitations 
Precise specification of full pathway 
for batch of fuel being analysed 
All the data and information describing provenance and 
production of fuel may not be available, especially if fuel 
of interest is the product of multiple production plants 
and supply chains; fuel use is usually even more difficult 
to describe precisely, because of the large numbers of 
vehicle types and use patterns. 
Standardised assessment procedure linking specific batch of fuel to 
stages in life cycle, with location, time, scale and technical 
characteristics specified for each stage; existence and significance of 
any data gaps acknowledged 
Identification and quantification of all 
GHG emissions and sequestrations 
directly or indirectly produced by the 
biofuel pathway 
Identification and quantification of all direct and indirect 
GHG emissions and sequestrations produced by a fuel 
pathway usually requires a huge information-gathering 
exercise that is very unlikely to be effected completely; 
measurements or adequate models of particular GHG 
emissions may not be available; interpretation of the set 
of processes associated with the specified batch of fuel is 
also subject to ambiguity – attributional or consequential 
approach? 
Adoption of truncation protocols that ensure the vast majority of the 
total CO2-equivalent emissions are accounted for, based on 
demonstrated reducing incremental GHG emissions contributions to 
accumulated inventory total below specified fraction of total; adoption 
of best available measurements, models or estimates of GHG emissions 
and clarification of associated uncertainties; clarify whether 
attributional or consequential approach is adopted 
Differentiation between those GHG 
emissions and sequestration produced 
by the biofuel pathway and those that 
constitute a baseline 
Uncertainties in determining baseline conditions and in 
understanding underlying emissions trends for complex 
or highly variable baseline emissions (such as nitrous 
oxide emissions from agricultural land) make 
differentiation of baseline emissions and sequestrations 
difficult to achieve with high certainty. 
Systematic checks to identify and differentiate baseline emissions at 
each stage of fuel pathway, adoption of best available models for 
estimating baseline emissions, and acknowledgement of reliability 
impacts of limitations in determination of this factor. 
Allocation of GHG emissions and 
sequestrations between the biofuel and 
other co-products on the basis of 
logical causation 
It is sometimes simply not possible to allocate GHG 
emissions from product systems between co-products on 
the basis of physical causation. 
System expansion with credits for emissions displaced by co-products 
can in principle determine the net GHG impacts of the biofuel, but 
precise identification of substitution effects may be challenging and 
calculation of the emissions credits may require extensive additional 
data collection, with attendant reliability requirements on all truncation 
measures adopted; allocation by economic value can provide an 
indication of the relative importance of the different co-products in 
stimulating the realization of the process and its attendant emissions 
burdens, is but limited by deficiencies in the ability of price to 
accurately reflect true causation. 
Presentation of calculation results with 
reference to unit quantity of biofuel 
function 
The principal useful function derived from a transport 
fuel, vehicle operational energy, is not a commonly 
measured quantity, and data relating fuel use to this 
measure of vehicle energy are not usually available. 
If vehicle energy efficiency is known to be independent of the different 
fuels being compared, fuel energy content can serve as a valid proxy 
for fuel-derived function. Otherwise, travel distance is the most readily 
available practical alternative, but limitations in applicability of results 
must be noted. 
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The availability of this analysis, with its fundamental benchmark, identification of practical 
limitations and recommendations of approaches for optimising reliability can be of great benefit 
in the design of biofuel GHG assessments and evaluations of their reliability, as well as in 
formulation of standards for improved biofuel GHG assessments.  
Identification of main deficiencies of practical GHG assessments – by critically reviewing the 
literature, this research identified the main deficiencies in published GHG assessments as  
 imprecise definitions of biofuel pathways and unclear applicability of assessment results 
 subjective elements in assessment methodology 
 inadequate representations of important emissions-generating processes, notably N2O 
emissions from soils and CO2 emissions from land use change 
Development of the Biofuels Greenhouse Gas Calculator – the design of this flexible 
calculation tool and database was guided by the fundamental analysis of requirements and 
limitations of biofuel GHG assessments described above, to produce a tool suitable for carrying 
out biofuel GHG assessments with optimum reliability. As a result, the range of features and 
functionalities of the Biofuels Greenhouse Gas Calculator represents an advance in reliable 
GHG calculation capability, one that promotes and enables the use of the best available methods 
and data in biofuel GHG calculations. The Calculator provides complete transparency of 
methods and data, while the accompanying database includes an extensive collection of fully 
referenced data (over 1000 items currently) covering properties, performance characteristics and 
GHG emissions factors for processes in the life cycles of existing biofuels. The biofuel pathway 
specifications included in the Calculator include comprehensive accounting for GHG emissions, 
including some often omitted in published studies, such as those from production of minor 
chemical inputs to biofuel production and electricity usage for biofuel depot and dispensing 
operations. It distinguishes between baseline and pathway emissions for farming operations and 
soil N2O emissions. The Calculator can accept the results of available models of soil N2O 
emissions and total GHG emissions resulting from land use change, and be extended readily to 
incorporate improved models as they become available. The ability to readily modify system 
boundaries, co-product allocation methods, underlying factors and assumptions, and review the 
consequences for calculation results in sensitivity analyses promotes understanding of the 
sources and significance of uncertainties in biofuel GHG assessments. As a powerful new tool 
for GHG assessments and methodological analyses and as a reference database, the Biofuels 
GHG Calculator is major contribution of this work. 
The BEST GHG assessment case studies – This large study identified all significant supply 
chains for fuel ethanol on sale in Europe in 2006, and conducted life cycle GHG assessments for 
thirteen of those supply chains. Despite many practical limitations in data collection for this 
Chapter 7: Conclusions and recommendations 
 
199 
 
ambitious set of GHG assessments, indicative life cycle GHG impacts were determined for the 
thirteen supply chains and the important determinants of positive GHG impacts were identified.  
The most effective of these supply chains for reducing GHG emissions (before considering the 
effects of possible land use change) were identified as those that used renewable energy to 
supply the production process, and used nitrogen fertilizer efficiently, with ethanol produced 
from sugarcane in Brazil forming the basis for most of the best performing supply chains, 
although European ethanol produced using renewable energy and with high nitrogen use 
efficiency also achieved high GHG emissions reductions. 
The large-scale monitoring of fuel consumption included 92 flex-fuel vehicles, covering a total 
distance of over two million kilometres, and using over 240,000 litres of fuel. This large dataset 
adds to the still limited body of knowledge on the relative fuel efficiency and GHG emissions 
performance of FFVs running on petrol and ethanol blends. The evidence from this study 
provides a strong suggestion that, on average, energy efficiency of FFVs running on ethanol is 
higher than that when running on petrol and strongly support the position that energy efficiency 
of FFVs running on ethanol is at least as high as that on petrol. The studies on non-CO2 
greenhouse gas emissions from vehicles fuelled with ethanol blends and petrol were 
inconclusive, but add to a limited set of such studies available.   
7.4 Recommendations 
It is recommended that the capabilities of ideal GHG assessments summarised in Table 7-1 
above serve as benchmarks for evaluating the reliability of assessment methodologies. Real 
assessments would be judged against the ideal capability in each category. The capabilities of 
real assessments will not be expected to match those of the ideal assessment, but an indication 
of the capabilities of the real assessment should be obtained in each case. This indication should 
help to clarify the levels of uncertainty and extent of applicability of the methodology. Any 
results produced by the assessment should be accompanied by this indication of reliability.  
From the literature reviews and case studies and the analyses carried out with the Biofuels 
Greenhouse Gas Calculator, the following specific requirements for improving the reliability of 
current biofuel GHG assessments were identified. They are consistent with the general 
capabilities of the ideal assessment that serves as the benchmark: 
 unambiguous specifications of systems being described,  with data representative of the 
system at the specified time and place.  
 logically justified and transparent methodology 
 identification of all sources of emissions and assessment of how well each is known 
 assessment of impact of identified uncertainties on reliability of results generated 
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 better high resolution models of N2O emissions 
 better high resolution models of emissions from land-use change 
 increased use of dynamic modelling methods to take account of time dependence of 
many factors of importance to the assessments 
 
7.5 Further work 
The following areas have been identified as requiring further research: 
1. Methods of accommodating land-use change impacts into the Biofuel GHG Calculator 
and similar tools, including appropriate time discounting methods.  
2. Incorporation of explicit uncertainty analysis modules into the assessments, possibly 
using Monte-Carlo methods. 
3. Further development of consequential approaches to GHG assessments, with a focus on 
problems related to the time factor. For example, one can attribute the emissions from 
some fertilizer production in the past to biofuel production now; in a consequential 
approach, one would have to project a new demand for fertilizer in the future as a result 
of biofuel production now. Consequential approaches to assessing life cycles tend to be 
theoretically attractive but difficult to implement in practice. 
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Appendix A 
Lifetimes and Global Warming Potentials for Greenhouse 
Gases
The table below is reproduced from Chapter 2 of the report “Climate Change 2007. The 
Physical Basis”, produced by the Intergovernmental Panel on Climate Change (Forster et al. 
2007).
Industrial 
Designation or 
Common Name 
Chemical Formula 
Lifetime 
(years) 
Global Warming Potential 
for given Time Horizon
a
 
20-yr 100-yr 500-yr 
Carbon dioxide  CO2  See below
b
  1  1  1  
Methane
c
 CH4  12  72  25  7.6  
Nitrous oxide  N2O  114  289  298  153  
CFC-11  CCl3F  45  6,730  4,750  1,620  
CFC-12  CCl2F2  100  11,000
  
10,900
  
5,200  
CFC-13  CClF3  640  10,800
  
14,400
  
16,400  
CFC-113  CCl2FCClF2  85  6,540  6,130  2,700  
CFC-114  CClF2CClF2  300  8,040  10,000
  
8,730  
CFC-115  CClF2CF3  1,700  5,310  7,370  9,990  
Halon-1301  CBrF3  65  8,480  7,140  2,760  
Halon-1211  CBrClF2  16  4,750  1,890  575  
Halon-2402  CBrF2CBrF2  20  3,680  1,640  503  
Carbon tetrachloride  CCl4  26  2,700  1,400  435  
Methyl bromide  CH3Br  0.7  17  5  1  
Methyl chloroform  CH3CCl3  5  506  146  45  
HCFC-21  CHCl2F  1.7  530  151  46  
HCFC-22  CHClF2  12  5,160  1,810  549  
HCFC-123  CHCl2CF3  1.3  273  77  24  
HCFC-124  CHClFCF3  5.8  2,070  609  185  
HCFC-141b  CH3CCl2F  9.3  2,250  725  220  
HCFC-142b  CH3CClF2  17.9  5,490  2,310  705  
HCFC-225ca  CHCl2CF2CF3  1.9  429  122  37  
HCFC-225cb  CHClFCF2CClF2  5.8  2,030  595  181  
HFC-23  CHF3  270  12,000
  
14,800
  
12,200  
HFC-32  CH2F2  4.9  2,330  675  205  
HFC-41  CH3F  2.4  323  92  28  
HFC-125  CHF2CF3  29  6,350  3,500  1,100  
HFC-134  CHF2CHF2  9.6  3,400  1,100  335  
HFC-134a  CH2FCF3  14  3,830  1,430  435  
HFC-143  CH2FCHF2  3.5  1,240  353  107  
HFC-143a  CH3CF3  52  5,890  4,470  1,590  
HFC-152  CH2FCH2F  0.60  187  53   16  
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Industrial 
Designation or 
Common Name 
Chemical Formula 
Lifetime 
(years) 
Global Warming Potential 
for given Time Horizon
a
 
20-yr 100-yr 500-yr 
HFC-152a  CH3CHF2  1.4  437  124  38  
HFC-161  CH3CH2F  0.3  43  12  3.7  
HFC-227ea  CF3CHFCF3  34.2  5,310  3,220  1,040  
HFC-236cb  CH2FCF2CF3  13.6  3,630  1,340  407  
HFC-236ea  CHF2CHFCF3  10.7  4,090  1,370  418  
HFC-236fa  CF3CH2CF3  240  8,100  9,810  7,660  
HFC-245ca  CH2FCF2CHF2  6.2  2,340  693  211  
HFC-245fa  CHF2CH2CF3  7.6  3,380  1,030  314  
HFC-365mfc  CH3CF2CH2CF3  8.6  2,520  794  241  
HFC-43-10mee  CF3CHFCHFCF2CF3  15.9  4,140  1,640  500  
Sulphur hexafluoride   SF6   3,200   16,300 
  
22,800 
  
32,600  
Nitrogen trifluoride   NF3   740   12,300 
  
17,200 
  
20,700  
PFC-14   CF4   50,000   5,210   7,390   11,200  
PFC-116   C2F6   10,000   8,630   12,200 
  
18,200  
PFC-218   C3F8   2,600   6,310   8,830   12,500  
PFC-318   c-C4F8   3,200   7,310   10,300 
  
14,700  
PFC-3-1-10   C4F10   2,600   6,330   8,860   12,500  
PFC-4-1-12   C5F12   4,100   6,510   9,160   13,300  
PFC-5-1-14   C6F14   3,200   6,600   9,300   13,300  
PFC-9-1-18   C10F18   >1,000f   >5,500 
  
>7,500 
  
>9,500  
trifluoromethyl sulphur 
pentafluoride  
SF5CF3   800   13,200 
  
17,700 
  
21,200  
Perfluorocyclopropane 
  
c-C3F6   >1000   >12,70
0   
>17,34
0   
>21,80
0  
HFE-125   CHF2OCF3   136   13,800 
  
14,900 
  
8,490  
HFE-134   CHF2OCHF2   26   12,200 
  
6,320   1,960  
HFE-143a   CH3OCF3   4.3   2,630   756   230  
HCFE-235da2   CHF2OCHClCF3   2.6   1,230   350   106  
HFE-245cb2   CH3OCF2CF3   5.1   2,440   708   215  
HFE-245fa2   CHF2OCH2CF3   4.9   2,280   659   200  
HFE-254cb2   CH3OCF2CHF2   2.6   1,260   359   109  
HFE-347mcc3   CH3OCF2CF2CF3   5.2   1,980   575   175  
HFE-347pcf2   CHF2CF2OCH2CF3   7.1   1,900   580   175  
HFE-356pcc3   CH3OCF2CF2CHF2   0.33   386   110   33  
HFE-449sl (HFE-
7100)   
C4F9OCH3   3.8   1,040   297   90  
HFE-569sf2 (HFE-
7200)   
C4F9OC2H5   0.77   207   59   18  
HFE-43-10pccc124 
(H-Galden 1040x)   
CHF2OCF2OC2F4OCHF
2  
6.3   6,320   1,870   569  
HFE-236ca12 (HG-10) 
  
CHF2OCF2OCHF2   12.1   8,000   2,800   860  
HFE-338pcc13 (HG-
01)  
CHF2OCF2CF2OCHF2   6.2   5,100   1,500   460  
  (CF3)2CFOCH3   3.4   1204   343   104  
  CF3CF2CH2OH   0.4   147   42   13  
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Industrial 
Designation or 
Common Name 
Chemical Formula 
Lifetime 
(years) 
Global Warming Potential 
for given Time Horizon
a
 
20-yr 100-yr 500-yr 
  (CF3)2CHOH   1.8   687   195   59  
HFE-227ea   CF3CHFOCF3   11   4,540   1,540   468  
HFE-236ea2   CHF2OCHFCF3   5.8   3,370   989   301  
HFE-236fa   CF3CH2OCF3   3.7   1,710   487   148  
HFE-245fa1   CHF2CH2OCF3   2.2   1,010   286   87  
HFE 263fb2   CF3CH2OCH3   0.2   38   11   3  
HFE-329mcc2   CHF2CF2OCF2CF3   6.8   3,060   919   279  
HFE-338mcf2   CF3CH2OCF2CF3   4.3   1,920   552   168  
HFE-347mcf2   CHF2CH2OCF2CF3   2.8   1,310   374   114  
HFE-356mec3   CH3OCF2CHFCF3   0.94   355   101   31  
HFE-356pcf2   CHF2CH2OCF2CHF2   2.0   931   265   80  
HFE-356pcf3   CHF2OCH2CF2CHF2   3.6   1,760   502   153  
HFE 365mcf3   CF3CF2CH2OCH3   0.27   41   11   4  
HFE-374pc2   CHF2CF2OCH2CH3   5.0   1,930   557   169  
  - (CF2)4CH (OH) -   0.3   258   73   23  
  (CF3)2CHOCHF2   3.1   1,330   380   115  
  (CF3)2CHOCH3   0.25   94   27   8.2  
PFPMIE   CF3OCF(CF3)CF2OCF2
OCF3  
800   7,620   10,300 
  
12,400  
Dimethylether   CH3OCH3   0.015   1   1   <<1  
Chloroform   CHCl3   0.51   108   31   9.3  
Methylene chloride   CH2Cl2   0.38   31   8.7   2.7  
Methyl chloride   CH3Cl   1.0   45   13   4  
  CH2Br2   0.41   5.4   1.54   0.47  
Halon-1201   CHBrF2   5.8   1,380   404   123  
Trifluoroiodomethane   CF3I   0.005   1   0.4   0.1  
Table A - 1: Atmospheric lifetimes and global warming potentials (GWPs) of greenhouse 
gases.  
Notes: 
a
 GWP uncertainties are ±35% for the 5 to 95% (90%) confidence interval. 
b
The CO2 response function used is based on a revised version of the Bern Carbon cycle using a 
background CO2 concentration value of 378 ppm. The decay of a pulse of CO2 with time t is given by  
, where a0 = 0.217, a1 = 0.259, a2 = 0.338, a3 = 0.186, τ1 = 172.9 years, τ2 = 18.51 
years, and τ3 = 1.186 years, for t < 1,000 years. 
c
The GWP for methane includes indirect effects from enhancements of ozone and stratospheric water 
vapour. 
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Appendix B 
Supply chain survey used in BEST ethanol GHG assessment 
study
Following is a copy of the survey document sent to BEST site representatives to solicit 
information describing the supply chains for ethanol in use in the site regions, supply chain 
contact person details and references for previous GHG assessments of ethanol at the sites. 
 
Required information on supply chains for ethanol used at BEST sites 
- Name of site:  
- What was the total fuel ethanol consumption (in litres) in your site region in 2006? 
- What was the total fuel ethanol production (in litres) in your site region in 2006? 
- Please provide the following information for each fuel ethanol producer in your site 
region: 
  Name of company:  
What percent of the ethanol consumed in your site region is produced by this 
company? 
Location(s) of ethanol production plant(s) in site region:  
Total fuel ethanol production at plants in site region in 2006 (in litres):  
Feedstock used for producing fuel ethanol at plants in site region:  
  Location(s) of feedstock production:  
Details of contact person in company (whom we may contact for further details 
of the ethanol production chain): 
   Name:  
   Position in company:  
   Email address:  
 
If the number of fuel ethanol producers in your site region is more than one, please copy 
the section in italics above and fill in for each additional producer. 
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- What was the total amount of fuel ethanol (in litres) imported into your site region in 
2006? This figure will include ethanol brought into your site region from production 
sites in other parts of your country as well as from other countries. 
- Please indicate the percentage contribution of each external source of ethanol (i.e., from 
outside your site region) to the total imports into your site region in 2006 (e.g., 85% 
from Brazil, 15% from Norrköping, Sweden)  
- For each source of ethanol imported into your site region, please indicate what 
feedstock is used for producing the ethanol (e.g., Brazil – sugarcane; Sweden - wheat).  
 
 
- Please provide the following information for external producers of ethanol that is used 
in your site. Please provide information for as many producers as you can: 
Name of company:  
Location(s) of ethanol plant(s) producing fuel that is used in your site region:  
Total fuel ethanol production at these plants in 2006 (in litres):  
 Feedstock used for producing fuel ethanol at these plants:  
 Location(s) of feedstock production:  
Details of contact person in company (whom we may contact for further details of the 
ethanol production chain): 
  Name:  
  Position in company:  
  Email address:  
 
Please copy the section in italics above and fill in for each additional producer. 
- Please provide contact details for the main ethanol supplier(s) in your site region. Here 
we are looking for the companies that sell ethanol or ethanol blends, whether or not they 
produce it themselves. 
Company:  
Address: 
Percentage share of ethanol sales in site region: 
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Contact person: 
   Position in company:  
   Email address:  
Please copy the section in italics above and fill in for each additional supplier. 
- Please provide references for any life-cycle energy or greenhouse gas emissions studies 
that have been carried out for ethanol produced or used in your site region. Please give 
the study title, author(s), publisher, place of publication and date of publication. If you 
know of people or organizations that have carried out these studies for your site, please 
provide their contact details. 
 215 
 
Appendix C 
Dynamometer test conditions and results
Drive Cycles 
The dynamometer tests on the Saab 9-3 Biopower flex-fuel vehicle described in Chapter 6 were 
carried out following the New European Driving Cycle (NEDC) and the ARTEMIS driving 
cycle. The speed-time profiles of these drive cycles are shown below. 
NEDC speed-time profile 
 
 
Artemis Driving Cycle speed-time profiles (urban, rural and motorway driving cycles, 
including sub-cycles and starting conditions) 
 
0
20
40
60
80
100
120
140
0 200 400 600 800 1000 1200
S
p
e
e
d
 (
k
m
/h
)
Time (s)
EUDC cycleECE cycle
0
20
40
60
0 200 400 600 800 1000
times (s)
Speed 
(km/h)
urban 
dense
congested, 
stops
flowing, 
stable
free-flow 
urban
congested, 
low speed
 216 
 
 
 
Fuel Testing Results 
Fuel analysis results for the four test fuels used in the dynamometer tests are shown below. The 
fifth fuel sample, designated 006-00, was taken from the fuel used in on-road testing of the Saab 
9-3 Biopower FFV in Somerset. 
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Dynamometer Test Results 
Results for methane (FID)
 
Fuel Cycle Subcycle 
CH4 
(g/km) 
 Fuel Cycle Subcycle 
CH4 
(g/km) 
E0 
( 
NEDC ECE 0.016  E38 NEDC ECE 0.041 
(petrol)  EUDC 0.002    EUDC 0.002 
  All 0.007    All 0.016 
E0 
( 
ARTEMIS Urban 0.001  E38 ARTEMIS Urban 0.002 
(petrol)  Rural 0.001    Rural 0.001 
  Motorway 0.004    Motorway 0.005 
  All 0.003    All 0.003 
E10 NEDC ECE 0.019  E74 NEDC ECE 0.047 
  EUDC 0.001    EUDC 0.001 
  All 0.008    All 0.018 
E10 ARTEMIS Urban 0.003  E74 ARTEMIS Urban 0.006 
  Rural 0.001    Rural 0.001 
  Motorway 0.009    Motorway 0.006 
  All 0.006    All 0.004 
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Results for fuel consumption and CO2
 
 
 
Fuel Cycle Subcycle 
FC 
(l/100km) 
CO2 
(g/km) 
E0 (petrol) NEDC ECE 12.2 283.2 
  EUDC 7.4 173.2 
  All 9.1 214.0 
E0 (petrol) ARTEMIS Urban 13.0 305.2 
  Rural 7.3 171.4 
  Motorway 9.5 223.5 
  All 9.1 212.5 
E0 (petrol) Steady-speed 2nd gear 7.6 175.5 
  3rd gear 5.6 132.6 
  4th gear 6.5 152.9 
  5th gear 8.6 202.9 
  All 7.6 177.2 
E10 NEDC ECE 12.6 282.1 
  EUDC 7.7 174.3 
  All 9.5 213.8 
E10 ARTEMIS Urban 13.8 310.5 
  Rural 7.8 174.9 
  Motorway 10.0 224.9 
  All 9.6 214.9 
E10 Steady-speed 2nd gear 7.3 164.1 
  3rd gear 5.9 133.8 
  4th gear 6.9 154.6 
  5th gear 9.2 204.5 
  All 8.0 178.4 
E38 NEDC ECE 13.9 277.3 
  EUDC 8.3 169.7 
  All 10.4 209.2 
E38 ARTEMIS Urban 15.1 307.6 
  Rural 8.5 171.6 
  Motorway 10.8 220.4 
  All 10.4 211.1 
E38 Steady-speed 2nd gear 8.4 169.0 
  3rd gear 6.6 133.5 
  4th gear 7.5 152.4 
  5th gear 9.9 201.7 
  All 8.8 179.7 
E74 NEDC ECE 15.8 269.2 
  EUDC 9.7 167.3 
  All 12.0 205.0 
E74 ARTEMIS Urban 18.1 310.6 
  Rural 9.8 168.0 
  Motorway 12.7 217.9 
  All 12.1 208.4 
E74 Steady-speed 2nd gear 9.3 159.5 
  3rd gear 7.6 130.5 
  4th gear 8.8 151.4 
  5th gear 11.6 200.0 
  All 10.3 177.1 
 
